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AbstractMeasurements of inclusive prompt photon and prompt photons, together withan accompanying jet, in photoproduction at HERA have been made with theZEUS detector, using an integrated luminosity of 38.4 pb�1. We have performedtwo analyses in the study of prompt photon production.First inclusive cross section measurements for prompt photon production havebeen presented as a function of the pseudorapidity and the transverse energy(� , E T ) of the photon, for E T > 5 GeV in the p centre-of-mass energy range134{285 GeV. Comparisons are made with predictions from Monte Carlo modelshaving leading{logarithm parton showers, and with next{to{leading order QCDcalculations, using currently available parameterisations of the photon structure.For positive � (proton direction) there is good agreement, but for negative �all predictions fall below the data. None of the available variations of the modelparameters was found to be capable of removing the discrepancy with the data.The results indicated a need to review the present theoretical modelling of theparton structure of the photon at high x regions.A study of the intrinsic parton transverse momentum, kT , of the quarksin the proton, as modelled within the framework of the PYTHIA Monte Carlo,has been performed using the kinematical properties of events with a measuredjet as well as a prompt photon. A �t to the data gives a value of <kT>=1:39 � 0:36 +0:12�0:23 GeV. This result is compared with earlier high{energy proton{scattering measurements. A rising trend of <kT> with interaction energy iscon�rmed.
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OutlineTwo analyses of prompt photon photoproduction at HERA using 1996 and1997 ZEUS data are presented in this thesis. Chapter 1 gives a brief resum�e of thecurrent understanding of QCD leading on to more detail about photoproductionprocesses. Chapter 2 then describes theoretical aspects and earlier experimentalresults in prompt photon production. Chapter 3 briey describes the HERA ma-chine and ZEUS detector with more detail given to speci�c components relevantto these analyses. Chapter 4 concerns work done by author on the ZEUS Bar-rel presampler detector. In Chapter 5 the Monte Carlo programs and samplesused are discussed and in Chapter 6 we present the details of reconstruction andevent selection procedure for the analyses presented in this thesis. Chapter 7describes the separation procedure of photon signal from background to obtaina clean sample of prompt photon events. In Chapter 8, a �rst analysis, namelycross section measurements of inclusive prompt photons is discussed. A secondanalysis, a study of parton intrinsic transverse momentum in the proton usingprompt photon photoproduction, is discussed in Chapter 9. Chapters 8 and 9 alsodiscusses the physics implications of the results. The conclusions drawn from thetwo analyses are summarised in Chapter 10.Earlier study of inclusive prompt photon procuction and the �nal results havebeen presented by author on behalf of the ZEUS collaboration at the \Pho-ton99" and at the \DIS 2000" conference, respectively. My contribution to theproceedings constitutes appendix A and B. The main results of the inclusiveprompt photon study have been published by ZEUS collaboration in Phys. Let-ters B (Phys.Lett.B472). The contribution to the ZEUS publication is includedas appendix C.
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Chapter 1Introduction
1.1 PreambleQuantum ChromoDynamics (QCD) is a highly successful �eld theory in describ-ing the interactions between the fundamental constituent of hadrons{quark andgluons. It is in good agreement with previous and current experimental datacollected both at �xed target and collider experiments. The analysis of suchlarge amounts of data has led us to a deeper understanding of the properties ofthe fundamental interactions, and also reveals the substructure of the hadrons.In particular, the electron{proton collider at HERA o�ers an excellent testing{ground for many aspects of QCD. However the use of perturbative QCD (pQCD),and its description of the hadronic structure with the parton model, still needfurther investigation. The role played by gluons, propagators of the strong force,was originally inferred indirectly via higher{order processes [1].In this chapter Deep Inelastic Scattering in electron{proton collisions is usedto de�ne the relevant kinematics and the concept of a structure function. Adiscussion of photoproduction at HERA is also introduced.1.2 Deep Inelastic ScatteringThe scattering of high energy leptons o� protons generally results in an inelasticreaction, ie. the proton disintegrates, and a large number of particles with a hightotal invariant mass can be produced in the �nal state. This process is called\deep{inelastic scattering" (DIS). Measuring the �nal state of the deep{inelasticep scattering events allows us to determine the structure of proton. Within thepicture of the Quark Parton model, the proton consists of quarks and gluons.1



Chapter 1 1.2 Deep Inelastic Scattering
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(b) Charged Current DISFigure 1.1: Lowest{order Feyman diagrams of (a) neutral current and (b) chargedcurrent deep{inelastic scattering reactions.The highly{energetic incoming electron then probes the structure of the protonby coupling through the electroweak current to one of the partons inside theproton.1.2.1 HERA KinematicsThere are two fundamental classes of DIS events and �gure 1.1 shows a schematicdiagrams of the reactions.e�p! e� +X and e�p! �e +Xwhere X represents the spray of particles produced by the break{up of the pro-ton (the hadronic �nal state). In the �rst process; (a) the charge of the leptonis conserved and the intermediate vector boson is neutral; , Z0. This processis referred to as neutral current (NC) DIS. In the second process; (b) the leptonconverts to an anti{neutrino via the exchange of a charged vector boson; W�.Therefore this process is called charged current (CC) DIS.At a given centre of mass energy ps the kinematics of electron{proton scat-tering are completely described by two of the following three Lorentz{invariantvariables. The �rst, Q2, is de�ned by the negative square of momentum transferand speci�es the virtuality of exchanged boson.Q2 = �q2 = �(k � k0)2 (1.1)where k and k0 denote the 4{momentum of the incoming and scattered lepton,respectively. The quantity q = (k � k0) denotes the 4{momentum transfer from2



Chapter 1 1.2 Deep Inelastic Scatteringthe electron. The two dimensionless variables, x and y, are de�ned as:x = �q22p � q (1.2)y = q � pk � p (1.3)where p is the 4{momentum of the proton. In the parton model, x can be inter-preted as the proton momentum fraction carried by struck quark and is referredto as the Bjorken scaling variable. In the proton rest frame, y corresponds to thefraction of the energy transferred from the lepton to the proton: E�E0E = EE .These three variables are related to each other and the square of the centreof mass energy, s = (p+ k)2 = m2p + 2p � k, byQ2 = s � x � y (1.4)hence only two of these variables are independent.The square of the invariant mass W 2 of the hadronic �nal state X is relatedto x and Q2 by the momentum conservation at the hadronic vertex;W 2 = (p)2 = (p+ q)2 = m2p �Q2 + 2p � q � ys�Q2 (1.5)The proton massmp is neglected in the approximation of the equations 1.4 and 1.5.Throughout the rest of this thesis, the natural system of units is used, where�h = c = 1.1.2.2 The DIS cross section and structure functionThe deep{inelastic ep scattering cross section can be factorised into a leptonictensor, L�� , and a hadronic tensor, W ��.d�ep � L��W �� (1.6)At low Q2 (Q2 �M2Z0;W�), the contribution of weak neutral bosons to the crosssection is small, since the Q2{dependence of the photon cross section is 1=Q4,while that of the weak boson is 1/(M2Z0;W� + Q2)2. Therefore the contributionof the weak boson is negligible in the low Q2 region and it is possible to regardthe electron{proton scattering via photon exchange. In this case, the generalexpression of the W �� can be parametrized by two functions W1 and W2. It3



Chapter 1 1.3 The Quark Parton Modeldepends on two independent Lorentz{invariant scalar variables, � and Q2, andhave been renamed; F1(x;Q2) � mpW1(�;Q2)F2(x;Q2) � �W2(�;Q2)where the F1 and F2 are called proton structure functions, and � = p �q=mp is thephoton energy in the proton rest frame. The deep{inelastic ep ! eX scatteringcross section can then be written as;d2�epdxdQ2 = 4��2xQ4 "y22 2xF1(x;Q2) + (1� y)F2(x;Q2)# (1.7)or with the de�nition of FL = F2 � 2xF1d2�epdxdQ2 = 2��2xQ4 h�1 + (1� y)2�F2 + 2 (1� y)FLi (1.8)where FL = Q24�2��L and is referred to as the Longitudinal structure function.1.3 The Quark Parton ModelThe naive quark parton model (QPM) relates the cross section formula to thequark distribution inside the proton, considering that the charged partons are thequarks [2]. It is assumed that each quark carries only the longitudinal momen-tum fraction � of the proton and does not carry the transverse momentum. Inthe QPM, the electron{proton scattering is regarded as a scattering between anelectron and a quark. No interaction among partons inside the proton is assumedto occur during the electron{quark scattering. In this case the Bjorken scalingvariable x is the same as the momentum fraction �.In 1968 Bjorken predicted that the structure functions would depend only onone dimensionless scaling variable, x, in the limit Q2 ! 1 and � ! 1, and itwas con�rmed by SLAC experiment [3]. In the QPM, the structure function F2corresponds to the sum of the partons momentum distribution xfi(x) weightedwith the square of their electric charge ei.F2(x;Q2) = F2(x) =Xi e2ixfi(x) (1.9)F1(x;Q2) = F1(x) = 12xF2(x) (1.10)4



Chapter 1 1.3 The Quark Parton ModelThis equation 1.10 is a consequence of the partons having spin{12 and implies thatthe cross section for longitudinally polarised photons is zero [4]. The predictedfractional charge of the quarks was con�rmed using neutrino{nucleon scatteringexperiment and the postulated number of 3 valence quarks in the proton (uud)and neutron (ddu) was experimentally con�rmed using the Gross{Llewellyn-Smith sum rule [5].1.3.1 The QCD Improved Parton ModelAlthough the QPM was a successful theory in explaining some of earlier ex-perimental data, some problems of the model became apparent. If the protonconsisted only of charged quarks, their momentum would be expected to add upto the proton momentum; Xi Z 10 dxfi(x)x = 1:However, experimentally, this value was found to be� 0:5 [6], implying that abouthalf of the proton's momentum is carried by neutral partons. Direct evidence forthe existence of these partons, called gluons, was found in 1979 via the observationof 3{jet events in e+e� annihilation at DESY [7].This problem was solved by the formulation of a gauge theory of the strong in-teraction, Quantum ChromoDynamics (QCD), which is based on a SU(3) colourgauge symmetry group. The gluons are the gauge bosons of the strong force andQCD is the theory describing the colour interaction between quarks and gluons.Therefore the naive QPM was modi�ed by QCD as quarks interact through glu-ons, and can radiate gluons in a QCD Compton process. Radiated gluons cansplit into quark pairs or gluons. The radiated gluons result in the quarks hav-ing a component of transverse momentum. Coupling to longitudinally polarisedphotons is then possible, thereby violating the equation 1.10. The value of thelongitudinal structure function, FL, is therefore no longer zero, but lies in therange 0 < FL < F2.Another consequence of the gluon radiation is scaling violations of the struc-ture functions, which exhibit a logarithmic dependence on Q2 at �xed x. Theexchanged photon at low Q2 is then interpreted as resolving the valence quarksubstructure. At high Q2 a quark may have radiated a gluon and consequentlyhas a fraction of momentum, x, less than its original value, or alternatively, it mayhave arisen from gluon splitting. At large x, where the valence quarks dominate,the quark density and hence F2 falls with Q2 as a result of the gluon radiation,5



Chapter 1 1.4 Hard Photoproductionwhile at small x the number of \sea" quarks and gluons is larger, so F2 increaseswith Q2. These scaling violations with a strong dependence of F2 at small x for�xed Q2 have been found at HERA [8].1.3.2 The Evolution of Parton DistributionsAlthough the parton densities in a hadron cannot be calculated perturbativelywhen probed at lowQ2 values, the evolution of the quark (qi(x)) and the gluon (g(x))momentum distribution with Q2 is quantitatively described in perturbative QCDby the Dokshitzer{Gribov{Lipatov{Altarelli{Parisi (DGLAP) equations [9], if thedensity at a certain initial Q2 = Q20 value is given. The DGLAP evolution of thequark and gluon densities is given by;dqi(x;Q2)d lnQ2 = �s(Q2)2� Z 1x dyy "qi(y;Q2)Pqq  xy!+ g(y;Q2)Pqg  xy!# (1.11)dg(x;Q2)d lnQ2 = �s(Q2)2� Z 1x dyy "Xi qi(y;Q2)Pgq  xy!+ g(y;Q2)Pgg  xy!# (1.12)where qi(x;Q2) = Pi[qi(x;Q2) + qi(x;Q2)] is the singlet quark and anti{quarkdensity function summed over all quark avours i, and g(x;Q2) is the gluondensity function. The splitting function Pjk represents the probability of �ndingparton j splitting to the parton k with momentum fraction z of the parent parton.1.4 Hard PhotoproductionThe e+p collisions provided by the HERA o�er an excellent testing ground forQCD. In particular, the large ux of quasi{real photons at the virtuality scaleQ2 � 0 GeV2, i:e: almost on{shell state, emitted from the positron beam havemade HERA an outstanding laboratory in which to study photon physics via thephoton{proton p interaction.As we can now think of electron{proton scattering at low Q2 as photon{protonscattering due to the exchange of the quasi{real photon between the electron andproton, the total cross section of ep scattering, �ep!eX, can be factorized intocontributions from the total p cross section, �ptot, and photon ux f=e(y). For6



Chapter 1 1.4 Hard PhotoproductionQ2 > 0, photons may have both transverse and longitudinal polarisation so that�ptot = �T + �L andd�ep!eX = Z dy hfL=e(y)d�LpL + fT=e(y)d�TpT iIn the limit of low Q2 � 0, i.e. photoproduction region, the photons can only betransversely polarised so �L can be ignored. The ep cross section of photopro-duction processes of interest can then be written as;d2�epdydQ2 = f=e(y;Q2)�ptot(y;Q2) (1.13)where �ptot is the total cross section of the process at a given centre of mass energyof the p system and the photon ux, f=e(y;Q2), is given by;f=e(y;Q2) = �2� 1Q2 "1 + (1� y)2y � 2(1� y)y Q2minQ2 # (1.14)where Q2min = m2ey2=(1 � y) is the kinematic lower bound. This is known asthe \equivalent photon approximation" (EPA). Neglecting the Q2 dependenceof the p cross section, f=e(y) can be calculated by the Weizs�acker-Williamsapproximation (WWA) [10].fWWA=e (y) = �2� "1 + (1� y)2y ln Q2maxQ2min � 2(1� y)y  1� Q2minQ2max!# (1.15)where Q2max corresponds to the maximum scattering angle of the electron consid-ered.One of the primary tasks of photoproduction measurements at HERA is theinvestigation of the hadronic behaviour of photon. In describing the hard inter-action of photons of low virtuality with protons, two major classes of diagramare important. In one of these the photon couples in a pointlike way to a q�q pair,while in the other the photon interacts via an intermediate hadronic state, whichprovides quarks and gluons which then take part in the hard QCD subprocesses.1.4.1 Direct PhotoproductionAn example of the �rst class, direct photoproduction, is shown in �gure 1.2.Here the whole photon participates directly in the interaction, acting as a point{like particle. As all the photon's energy couples to the parton, the �nal state7



Chapter 1 1.4 Hard Photoproduction
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(b) Boson gluon fusionFigure 1.2: Leading order direct processes; (a) QCD Compton and (b) Boson gluonfusion.of the process can be of higher transverse momentum than for hadronic typeinteractions in which only part of the photon's energy participates. At these lowphoton virtualities, the hard scatter may also be sensitive to the structure ofphoton.The two leading{order (LO) direct photoproduction diagrams can be seen in�gure 1.2. The QCD Compton process (a) shows the photon coupling to a quarkwithin the proton which then radiates a gluon before hadronisation. In �gure (b),the photon couples to a quark coming from a \split" gluon in the proton whichproduced a quark{antiquark pair. This is termed boson{gluon fusion. Both have�nal states consisting of two high transverse energy jets where in the case of theQCD Compton process one is a quark and the other a gluon jet and in boson{gluon fusion both are quark jets.1.4.2 Resolved PhotoproductionInstead of interacting directly with a parton from the proton the photon may be�rst uctuate into a hadronic state. One of the hadronic constituents, carryinga fraction of the momentum of the photon, takes part in the hard scatter. Thisis known as resolved photoproduction and two example diagrams at LO can beseen in �gure 1.3.In �gure (a), a gluon from the photon interacts with a gluon from the protonin what is termed gluon{gluon fusion. However, in �gure (b) it is a quark fromthe photon which interacts with the gluon from the proton. Again these two8
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Figure 1.3: Examples of leading order resolved processes.processes di�er in that the �nal state consists of two quark jets in the case of�gure (a) and one quark and one gluon jet in the case of �gure (b).The �nal state in both direct and resolved processes contains the positron,only very slightly scattered and not detected in the detector, two high transverseenergy jets from the hard scatter and proton remnant. In addition, a photonremnant, analogous to the proton remnant, is present in resolved photoproduc-tion. At higher{orders the distinction between these classes of events is no longeruniquely de�ned due to radiative processes. Inclusive jet (one or more jets),dijet (two or more jets) and prompt photons (we will discuss it in detail in chap-ter.2) studied in hard photoproduction at HERA have been used to investigatevarious aspects of QCD and the structure of the photon. Studies of events withthree or more jets provide a means to test QCD at higher{orders.1.5 The Structure of PhotonThe �rst experimental data on photon structure function, F 2 , came from theelectron{positron colliders [11]. A photon from each lepton interacts, producingphoton{photon collisions. One photon is quasi{real, and the other is virtual, andprobes the quark content of the real photon. By detecting one of the scatteredleptons, these measurements ensure that a highly virtual photon probes an almostreal target photon. The F 2 data from PETRA and PEP as well as from TRISTANand LEP experiments have been used to parametrise photon parton densities inthe resolved photon process. 9



Chapter 1 1.5 The Structure of PhotonAnalogous to the ep scattering, a cross section for the process e ! eX canbe de�ned in terms of F 2 , and is given byd2�e!eXdxdy = 2��xQ4 nh1 + (1� y)2iF 2 (x;Q2)� y2F L(x;Q2)o (1.16)where x � Q2=(2 �q), y � Q2=(sx) with ps being the total centre of mass energyand  is the 4{momentum of the incoming photon. The F 2 and F L are the photonstructure functions which describe the internal structure of the photon.In a similar way to proton structure function F2, the structure function of thephoton, F 2 can also be written in terms of the quark densities in the photon,qi (x;Q2), in LO diagram.F 2 (x;Q2) = 2xXi e2qiqi (x;Q2) (1.17)where the sum runs over all quark avours, i, of quark charge eqi and the factor oftwo accounts for quarks and antiquarks. Therefore the deep inelastic e scatteringcross section at electron{positron collision is sensitive to the quark distributionin a photon.The x and Q2 dependence of the photon parton density is expressed by themodi�ed DGLAP evolution equations similar to that for the proton, as describedin section 1.3.2, and the DGLAP equations then has the following form;dqi(x;Q2)dlogQ2 = a(x) + �s(Q2)2� Z 1x dyy "Pqq  xy! qi(y;Q2) + Pqg  xy! g(y;Q2)#(1.18)dg(x;Q2)dlogQ2 = �s(Q2)2� Z 1x dyy 24Pgq  xy! 2 fXi qi(y;Q2) + Pgg  xy! g(y;Q2)35 (1.19)where, a(x) = 3e2i �2� hx2 + (1� x)2iand it represents the initial  ! qq splitting. The Pjk are the splitting functionsas mentioned in section 1.3.2. In particular, the photon has an additional termdue to the possibility of a photon splitting into a quark{antiquark pair. Thisso{called box term introduces an inhomogeneity into the photon parton density10



Chapter 1 1.5 The Structure of Photonfunctions which is not present in the case of proton. The solution of the inhomo-geneous equation is identi�ed with the so{called \anomalous" photon componentwhile the homogeneous equations are related to the hadron{like or Vector Me-son Dominance (VDM) model [12] component which originates in the vacuumpolarization of the photon to quark{antiquark pair.At large values of x, the production of quarks comes predominantly via the ! qq splitting. As this coupling is electromagnetic, the number of u quarksproduced is four times that of the d quarks due to their relative electronic charge.At low values of x however, the quarks are produced from the gluon splittingprocess and here there are an equal number of u and d quarks as the strong forcedoes not di�erentiate between charge.1.5.1 Model of the photon structureMany parton parametrizations for the real photon have been proposed so far andwere grouped into two classes; one is given for �xed number of massless avoursand the other is for the number of avours dependent on the scale Q2. Here twophoton parton density functions, GS and GRV, are briey reviewed.� Gordon and Storrow (GS)Gordon and Storrow, were the �rst to produce NLO parameterisations for thephoton parton densities [13], producing �ts including both the available F 2 dataand jet data from TRISTAN [14, 15]. The input structure function at the scaleQ20 = 5.3 GeV2 and Q20 = 3.0 GeV2 is chosen in the LO analysis as a sum of ahadronic part from the VMD model and of a pointlike part based on the PartonModel; qq;g(x;Q20) = �4��f 2� q�q;g(x;Q20) + qPLq;g (x;Q20): (1.20)Free parameters (e.g. k) and light quark masses are �tted to the data with Q2 �Q20. The input gluon distribution in LO is assumed in two di�erent forms (setGS1 and GS2). The NLO distribution in the MS scheme is obtained by matchingthe F 2 in the LO and the NLO approaches at the Q20 scale. Nf = 3, 4 and 5 areused and the number of avours equal to Nf = 3 for Q20 � Q2 � 50 GeV2 andNf = 4 for 50 GeV2 � Q2 was used.� Gl�uck, Reya and Vogt (GRV) [16]11



Chapter 1 1.5 The Structure of PhotonThe LO and NLO parametrizations of the parton distributions generated dy-namically with the boundary conditions at Q20 given by a VMD input. Thephysical photon is then assumed to be a coherent superposition of vector mesons,whose parton distributions are further assumed to be similar to those of a pion.Non{perturbative input is used at the starting scale taken to be of the formqq;g(x;Q20) = �4��f 2� q�q;g(x;Q20)where qiq;g are the quark and gluon densities within particle i respectively. Thelow initial scale Q20(LO) = 0.25, Q20(NLO) = 0.3 GeV2 is universal for structurefunctions of p, �,  etc. The one free parameter, k, which is the VMD inputnormalization constant relative to �, is �xed by the data.
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Chapter 2Prompt Photon Production
2.1 IntroductionOne of the primary tasks of photoproduction measurements at high energy is theinvestigation of the hadronic behaviour of photon. Here we are concerned withinteractions that involve a hard transverse energy ET . In describing the hardinteraction of photons of low virtuality with protons, two major classes of processcan be de�ned in lowest{order QCD, depending on how the photon interacts witha parton in the proton: (1) those in which the photon couples in a pointlike wayto a high{ET q�q pair, and (2) those in which the photon provides quarks andgluons which then take part in the hard QCD subprocesses. At leading{order(LO) in QCD, these two types of diagram are distinct and are commonly referredto as direct and resolved processes, respectively.These subprocesses most commonly give two outgoing quarks or gluons, whichat high ET can give rise to two observed jets. However �nal states containing ahigh ET jet together with a high ET photon are also possible, as seen in �gure 2.1.Such photons are known as \prompt photons" to distinguish them from thoseproduced via particle decays [18]. In the kinematic region accessible with ZEUS,the direct channel in prompt photon processes is expected to be dominated bythe so{called \direct Compton" process q ! q, i.e. by the elastic scattering ofa photon by a quark in the proton, while the main contribution to the resolvedchannel are the processes qg! q and q�q ! g [17].A further source of prompt photons is dijet events in which an outgoing quarkradiates a high-ET photon. In measuring prompt photon processes, these ra-diative contributions are largely suppressed by restricting the measurement to13



Chapter 2 2.2 Prompt Photon Production at HERAprompt photons that are isolated from other particles in the event. Such a con-dition is also needed in order to reduce experimental backgrounds from neutralmesons in jets.More recently, photoproduced �nal states containing an isolated high trans-verse energy photon have been measured by ZEUS at HERA [18], providing afurther means to study the photoproduction mechanism. This could be hoped toyield information about the quark and gluon content of the photon, together withthe gluon structure of the proton [19]. The particular virtue of prompt photonprocesses is that the observed �nal{state photon emerges directly from a QCDdiagram without the subsequent hadronisation which complicates the study ofhigh ET quarks and gluons. The cross section of the direct Compton processdepends only on the quark charge, together with the quark density in the proton.The above considerations, together with the availability of next-to-leading order(NLO) calculations [19, 20, 21], make prompt photon processes an attractive andrelatively clean means for studying QCD, despite the low cross sections.In this chapter the theoretical aspect of prompt photon production at HERAwill be briey discussed. The previous experimental results and the current issuesin prompt photon production will then be reviewed.2.2 Prompt Photon Production at HERAAs with all photoproduction processes at HERA, two major classes of processcan be de�ned in lowest order QCD, direct and resolved processes. In the case ofprompt photon production there are two further subclasses in each process; thenon{fragmentation and the fragmentation processes. In the non{fragmentationprocess a prompt photon is produced directly in the hard scattering, while in thefragmentation process it is produced via fragmentation of the �nal state parton.2.2.1 Prompt photon processes� Direct/Resolved non{fragmentation processesIn the kinematic region available at HERA, the direct non{fragmentationprocess in prompt photon production is dominated by the LO \QCD Comp-ton" process (Figure 2.1 (a)) ; qp ! q14
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Chapter 2 2.2 Prompt Photon Production at HERAwhere qp denotes the quark contents of a proton. An incoming photoninteracts with a quark in a proton. There are a high PT photon and a highPT jet in the observed �nal state. This process contributes to the crosssection with the order of O(�2em), where �em is an electromagnetic couplingconstant.In the resolved non{fragmentation process, there are three processes (Fig-ure 2.1 (b)) ; qgp ! qqqp ! ggqp ! qIn principle the resolved prompt photon processes have an ability to ex-tract not only quark but also gluon distributions in a photon. Howeverthe kinematic coverage available in this analysis has less sensitivity to thegluon distributions from the photon. The magnitude of the hard scatteringis the order of O(�em�s), where �s is a strong coupling constant. However,after taking into account a factor of O(�em=�s) for the photon structure,the cross section is the order of O(�2em), the same as that of the direct.� Direct/Resolved fragmentation processesA prompt photon can also come from the fragmentation of a jet. Thus thediagrams that contribute to the cross section are the same as with the dijetprocess. The direct and resolved fragmentation processes;qp ! qgqgp ! qgare shown in �gure 2.1 (c) and (d) respectively. A further factor for the frag-mentation into a photon is given as O(�em=�s). After taking into accountthe factor for the fragmentation and photon structure, the cross sectionis O(�2em) for both direct and resolved fragmentation processes. Since thecross section from the fragmentation processes depends on the fragmen-tation functions, its contribution reduces the measured sensitivity to thephoton parton density. If such a photon takes nearly all the energy ofthe initial quark, the event may experimentally resemble one coming fromthe non{fragmentation processes. Events of this kind will be referred toas radiative prompt photon events in the thesis. An isolation requirementreduces their contribution to the measured cross section. (See �gure 2.2 (a))16



Chapter 2 2.2 Prompt Photon Production at HERA2.2.2 Prompt photon cross sectionThe inclusive prompt photon cross section for p ! X can be schematicallywritten with a convolution of the parton distributions in the incoming particlesand the cross section of the hard scattering between the partons. Assuming aand b as a parton in a photon and proton and c and d as outgoing partons, theLO cross section is written by the following general formula ;E d3�p!Xd3P = XZ dzz2 Z dx Z dxpf a (x;M2)f pb (xp;M2)�Dc(z;M2F )E d3�ab!cdd3P (2.1)where the f a and f pb denote the parton distributions of a photon and that ofa proton, respectively. The quantity Dc is the fragmentation function at scaleM2F for the fragmentation of parton c into a photon. The parameters x and xprespectively denote the fraction of a photon and proton momentum carried bythe interacting parton. The parameter z denotes a fraction of parton momentumcarried by the �nal photon. For the direct process f a is replaced by �(x � 1)and for the non-fragmentation process Dc is replaced by �(z � 1). The M2 andM2F are scales for the factorisation and fragmentation, respectively.The p cross section can be related to the ep cross section by the equivalentphoton approximation (EPA) ;�ep!X = Z f=e(y)�p!Xdy (2.2)The Weizs�acker{Williams (WW) approximation is used to estimate the ux,f=e(y), of quasi{real photons radiated from the positron beam. Thus the electronstructure function, fe(xe; Q2), is given by a convolution of the photon structurefunction, f (x ; Q2), and the WW function;f=e(y) = �em2� "(1 + (1� y)2y ) ln Q2max(1� y)m2ey2� 2m2ey2 ((1� y)m2ey2 � 1Q2max)# (2.3)where me is the electron mass, andfe(xe; Q2) = Z 1xe dyy f=e(y)f   xey ;Q2! (2.4)17



Chapter 2 2.2 Prompt Photon Production at HERA2.2.3 Theoretical predictionOver the past few years many theoretical studies of prompt photon productionat HERA have been performed with continuous improvements in the theoreticalprecision [19, 22]. More recently L. Gordon and W. Vogelsang have studied theexpectations for prompt photon production rates at HERA in a fully consistentNLO QCD analysis, taking into account the e�ects of experimental isolationrequirements [19]. In particular they examined the sensitivity of the isolatedcross section to the photon's gluon content using both GS and GRV photonparton density functions.Figure 2.2 shows the theoretical predictions from L. Gordon and W. Vogel-sang's NLO QCD calculation. Figure (a) represents the full inclusive promptphoton cross section (solid line) containing both direct and resolved, fragmenta-tion and non{fragmentation contributions as a function of photon pseudorapidityin the lab frame at pT = 5 GeV. After an isolation cut in the NLO calculation,there is approximately a 15 % reduction in the full cross section (dashed curve).This also shows the strong e�ects of isolation on the fragmentation processes.The dash{dotted and dotted lines show the result after and before the isolationcut respectively.Figure (c) shows the sensitivity of the cross section to the proton and photonparton densities. There is a signi�cant di�erence between the predictions givenby the GRV and GS photon parton densities at negative photon pseudorapidity.This is understood as a result of the di�erent modelling of the quark contentsin a photon. Simultaneously the sensitivity to the proton parton density is alsotested, in which GRV, MRS(A0) and CTEQ3M were used. It becomes clear thatthe prompt photon cross section at HERA does not depend signi�cantly on theproton parton density. Figure (d) shows the decomposition into the contributionsof the subprocesses ; pdir ! Xpq ! X; pg ! Xwhere dir stands for the direct photon process. The prompt photon cross sectionat j�j < 1 is dominated by pdir ! X and pq ! X processes. On the otherhand, the processes involving g dominate the cross section at large positivephoton pseudorapidity, which seems to give no chance of measuring the gluoncontent of the photon at HERA via prompt photon production.
18



Chapter 2 2.2 Prompt Photon Production at HERA

10
-1

1

10

10 2

-2 0 2 4

1

10

0 2 4

0

5

10

15

20

25

30

0 2 4

dσ/dpTdη (pb/GeV)

a)

η

full

fragmentation

pT = 5 GeV b)

η

resolved

direct

c)

η

GRV(94)
MRS(A')
CTEQ3M

GRVγ

GS

d)

η

full

pgγ

pqγ

pγdir

GRVγ

GS
10

-1

1

10

0 2 4Figure 2.2: The prompt photon cross section, d�=dPT d�, calculated by L. Gordonand W. Vogelsang [19]. (a) Comparison of fully inclusive and isolated results for thefull cross section and its fragmentation part. (b) Resolved and direct contributionsto the isolated cross section. The direct contribution is strongly peaked at negativerapidities, corresponding to the probing of the proton at small xp by an energeticphoton. The resolved contribution remains sizeable and dominant also at positive �.(c) Full isolated cross section for various sets of parton distributions of the proton andthe photon. There is a signi�cant di�erence between the predictions given by the GRVand GS photon parton distributions at negative �, where the uncertainties coming fromthe proton structure functions are rather small. (d) Full isolated cross section and itsdecomposition into the contributions of subprocesses; direct and resolved processes, forGRV and GS photon parton distributions.19



Chapter 2 2.3 Previous Experimental Results2.2.4 Background processesThe main backgrounds that resemble the prompt photon events come from highpT{neutral mesons, such as �0 and � mesons which decay into two photons,produced through the fragmentation of a jet.In order to suppress the fraction of such backgrounds in the data sample anisolation cone was imposed around photon candidates within a cone of unit radiusin (�; �). Details of the energy isolation requirement is described in section 6.Even after the isolation requirement, some fraction of the backgrounds still remainas prompt photon candidates in the prompt photon candidate sample. Due tothe large cross section for jet production, the size of neutral meson backgroundis roughly the same as the prompt photon signal. These events are statisticallysubtracted as described in section 7.2.3 Previous Experimental ResultsA strong motivation for the early prompt photon measurements was the extrac-tion of the gluon density in nucleons. Due to large statistical and systematicuncertainties in the experiments and large uncertainties in the theoretical pre-dictions, the �rst generation of prompt photon experiments failed to distinguishbetween hard gluon and soft gluon distributions, because changing an input gluonstructure function could be compensated for by a change in the �QCD parameter.Later, new phenomenological modelling was introduced to interpret the experi-mental results in this era. It included the de�nition of the scale of the interaction,and unknown amounts of intrinsic transverse momentum of the initial state par-tons, called the intrinsic kT e�ect, and a lack of a complete calculation of higher{order contributions for prompt photon production. The new phenomenology willbe discussed in section 2.4.In this section the previous prompt photon experiments are reviewed, alongwith relevant parameters for the experiments and the results.2.3.1 Prompt photons at HERAThe ZEUS experiment published the �rst observation at HERA of prompt pho-tons, accompanied by balancing jets, at high transverse momentum in photopro-duction reactions [18], based on an integrated luminosity of 6.4 pb�1.20
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Chapter 2 2.3 Previous Experimental Results2.3.2 Prompt photons at �xed target experimentsPrompt photon production has been extensively studied in a number of �xedtarget experiments at centre{of{mass energies of 20{40 GeV. Initially the E629experiment at FNAL observed a clean signal for the inclusive prompt photonproduction in the 200 GeV collisions of proton and �+ mesons on a carbon targetfor pT > 2.5 GeV [24].The NA14 experiment then showed the �rst measurement of inclusive promptphoton in photoproduction at transverse momenta above 2.5 GeV [25]. Theexperiment was performed in a high intensity photon beam with energy between50 and 150 GeV at the CERN SPS using an open spectrometer. The cross sectionas a function of pT agreed with a theoretical calculation (QEDC Born term +additional contributions from pQCD) within the statistical uncertainties. Thedata disfavoured the gauge{integer{charge{quark models proposed at that time.The NA3 experiment at CERN measured the cross sections for prompt photonproduction from incoming ��, �+ and proton beams on an isoscalar carbon targetat ps = 19.4 GeV [26]. The cross section was consistent with an available NLOQCD calculation, within the experimental uncertainties.The WA70 experiment at the CERN SPS also measured the prompt pho-ton production cross sections in ��p and �+p collisions at 280 GeV [27]. Thetransverse momentum and Feynman XT ranges were 4 < pT < 7 GeV and -0.45< XT (= 2pT=ps ) < 0.55 respectively. In addition, similar experimental resultson inclusive prompt photon were measured by the NA24 experiment with a beammomentum of 300 GeV [28]. They found that the increase of the cross sectionratio �(��p !  + X)/ �(�+p !  + X) with pT indicates the occurrence ofvalence{quark{antiquark annihilation. Both results were described by NLO QCDcalculations.The UA6 experiment measured prompt photon production in both �pp and ppinteractions at ps = 24.3 GeV [29]. The �rst measurement of the experimentwas done in 1985/1986 for �pp, performed again in 1988 for pp and 1989/1990 for�pp reactions. All data samples covered ranges in 0.1 < y < 0.9 and in 4.1 < pT <7.7 GeV, which corresponds to 0.34 < XT < 0.63. They measured the inclusiveprompt photon cross sections in both pp and �pp interactions at the given centre{of{mass energy and the cross section di�erence �(�pp)��(pp) as a function of thepT of photon, and compared the results with NLO QCD predictions.The �xed target experiments for prompt photon production at CERN (e:g:NA24 and WA70) commonly used an invariant mass distribution method for �022
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Figure 2.4: E706 prompt photon and �0 inclusive cross sections as function of pTfor 530 GeV/c proton{nucleon interactions compared to NLO theory without <kT>(dashed) and with <kT> enhancement for hkT i = 1.2 GeV/c for the photon and hkT i =1.3 GeV/c for the �0 (dotted). Bottom: The quantity (Data{Theory)/Theory, overlaidwith the expected e�ect from kT enhancement for hkT i = 1.2 GeV/c.and �{meson subtraction to select pure prompt photon signals from huge back-grounds. In addition, the UA6 experiment used an extra topological shower shapemethod in the longitudinal shower development to reject showers not consistentwith a single photon event.More recently the Fermilab E706 experiment [30], designed to measure largepT production of high statistics prompt photons, neutral mesons and associatedparticles, has measured the inclusive �0 and prompt photon cross sections in thekinematic range, 3.5 < pT < 12 GeV with central rapidities for 530 and 800 GeVproton beams and 515 GeV �� beams incident on Be targets. They reported thatcurrent NLO pQCD calculations fail to account for the measured cross sectionsusing conventional choices of scales. Signi�cant parton <kT> e�ects (� 1.2 GeVat ps =31.6 GeV; and � 1.3 GeV at ps =38.8 GeV; see �gure 2.4) were observedin the kinematic distributions of high{mass �0 pairs, as well as high{mass �0pairs. They found that a simple implementation of supplemental parton <kT>in pQCD calculations provides a reasonable description of the inclusive crosssections. More details of the parton <kT> issues in prompt photon productionwill be discussed in section 2.4 and chapter 9.23



Chapter 2 2.3 Previous Experimental Results2.3.3 Prompt photons in hadron collider experimentsDuring the past 25 years, the physics of prompt photon production has undergonevery successfully experimental developments. A number of precise data fromhadron colliders have been published covering a large domain of centre of massenergy from 40 GeV to 1.8 TeV as well as a wide range of transverse momenta ofthe prompt photons.The �rst published measurement of high pT prompt photons at a hadroncollider was made in 1976 by the R412 experiment in proton{proton collisions atps = 45 GeV and 53 GeV at the CERN ISR (Intersecting Storage Rings) [31].The large systematic uncertainties due mainly to the detector energy responseand antineutron contamination were not understood well enough to make a strongclaim of evidence for prompt photon production.In 1978 the R107 experiment reported the results of a search for promptphotons produced at 90� in pp collisions at the ISR for ps = 53.2 GeV and pT> 2.3 GeV [32]. They established an upper limit of 6% at 95% C.L. for the =�0ratio in the pT region 2.3{3.7 GeV, but did not give any indication of promptphoton production due to large experimental uncertainties. This was true also ofthe R412 experiment.The �rst convincing evidence for the existence of prompt photon events inpp collisions at ISR was demonstrated by the R806 experiment in 1982 at ps =31, 45, 53 and 63 GeV [33]. The transverse momentum range extended up to 12GeV. The distinguishing feature of the experiment was the use of detectors withrelatively high granularity and good energy resolution. Calculations based on thelowest{order QCD diagrams agreed qualitatively with the experimental results.In the higher centre{of{mass energy regime, both the UA1 [34] and UA2 [35]experiments opened new windows for the measurement of prompt photon produc-tion with very high transverse momentum from �pp collisions at the Sp�pS colliderat CERN. In particular the UA2 apparatus was equipped with preshower detectorin front of the calorimeters. These detectors allowed a precise determination ofthe conversion point for photons that start showering in a converter.The inclusive cross section was measured for production of high pT promptphotons in �pp collisions at ps = 546 GeV and ps = 630 GeV [34, 35]. The UA1and UA2 results supported predictions from QCD calculations. Both experimentsalso studied the structure of events containing a high pT photon, and they foundthat in most of the events the photon pT is balanced by that of a single jet. Inaddition, they measured a di�erential cross section for double prompt photon24
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Chapter 2 2.3 Previous Experimental ResultsThe CDF and D� photon measurements are consistent and complementary.For the inclusive photon cross section measurements, both experiments agree withNLO QCD predictions for the high ET region (> 25 GeV), while both lie abovetheory at lower ET (see �gure 2.5). This discrepancy may originate from addi-tional soft gluon radiation beyond that included in the QCD calculation, or it mayreect inadequacies in the parton distribution and fragmentation contributions.Further details are given in section 2.4.The CDF and D� measurements of prompt photon production employ di�er-ent analysis tools to sort out the background level. For the CDF measurementthe fraction of photon candidate events that have an observed conversion in thematerial just in front of the calorimeter is used, along with the transverse showershape measured in a proportional chamber at shower maximum in the calorimeteritself. In the end one of the two methods is used to evaluate point{by{point thefraction of photons in the data sample. For the D� measurement the fraction ofenergy observed in the �rst two radiation lengths of the calorimeter is used. Thefraction is then �tted to a smooth function as a function of transverse energy ofthe photon and this smooth curve is used to evaluate the purity.2.3.4 Prompt photons at lepton collider experimentsThe production of isolated prompt photons was studied in great detail by allfour LEP experiments [41], ALEPH, DELPHI, L3 and OPAL. At LEP the �rstmeasurement of prompt photon production in hadronic Z0 decays was made bythe OPAL experiment for photons isolated from other particles in the event [42].The physics motivation of prompt photon measurements at LEP di�er com-siderably from that of the experiments discussed above. The main thrust of thiswork has been to compare the data with QCD calculations at the parton level andto test the detailed predictions of the parton shower models and thus gain someinsight into the parton evolution mechanism. For example the ALEPH experi-ment extracted the quark{to{photon fragmentation function from the study ofnon{isolated photons in jets containing a photon carrying more than 70 % of thejet energy [43]. The OPAL experiment has also measured the inclusive produc-tion of prompt photons with energy above 10 GeV in hadronic Z0 decays. Goodagreements were found with current QCD predictions for the quark{to{photonfragmentation function [44].The observation of prompt photon production in  collisions was also re-ported by the TOPAZ experiment at the e+e� centre{of{mass energy ps = 5826
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Figure 2.7: < QT > of pairs of muons, photons, and jets produced in hadronic collisionsversus ps. The ZEUS data point will be included on this kind of plot in chapter 9.deviations from QCD are observed in the higher{statistics photon data from theE706 experiment [30] (see �gure 2.4). The �nal prompt photon results from UA6also exhibit evidence for similar discrepancies. Recent results from CDF and D�also have a steeper slope above theory at low ET region [46].One o�ered explanation is that the partons in the proton may e�ectivelyhave a considerably higher mean intrinsic transverse momentum, <kT> , thanexpected from non{perturbative proton size e�ects, traditionally of the orderof 0.3{0.5 GeV. The CTEQ collaboration also reported that one way to under-stand the discrepancy between data and theory models is the introduction oftwo phenomenological quantities into theory models for both LO MC and NLOpQCD calculations. A discrepancy of this kind could arise from the transversemomentum of the initial{state partons, which is a�ected by the multiple initialsoft gluon radiation and the intrinsic transverse momentum kT , of the partons inthe incoming hadrons, or from multiple initial{state soft gluon radiation as theparton interacts.Evidence for signi�cant <kT> e�ects has been found in several measurementsof dimuon, diphoton, and dijet pairs. Figure 2.7 shows the summary of < QT >,28
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Figure 2.8: One of recent resummed pQCD calculations for the E706 prompt photonproduction. The dotted line represents the NLO calculation, while the dashed andsolid lines respectively incorporate pure threshold resummation and joint thresholdand recoil resummation, within the formalism of collinear factorization.average total momentum imbalance of the pairs, for a wide range of ps. Furtherdiscussion of the physics interpretation of these data will be given in chapter 9.The latest prompt photon results from the TeVatron collider have con�rmedthat kT smearing e�ects implemented in simple Gaussian smearing models in MCwork well in their recent data [46]. High cross sections are observed below photontransverse momenta of 36 GeV. Measurements by CDF [38] are consistent with a<kT> value of 3.5 GeV applied to a NLO QCD calculation. Recently publishedresults from D0 [39] are consistent with those of CDF (see �gure 2.5). From a morebasic point of view, the presence of additional initial{state gluon radiation beyondNLO in QCD can increase the e�ective kT values of hard{scattering partons, andmay help to generate the e�ects observed [47, 48, 49, 50].In the recent theoretical work the resummed pQCD calculations for inclusiveprompt photon production are currently under development in order to interpretthe kT issues in photon physics [51, 52, 53, 54, 55, 56]. Two recent independentthreshold{resummed pQCD calculations for prompt photons [51, 52] do not in-clude <kT> e�ects, but exhibit less dependence on QCD scales than the NLO29



Chapter 2 2.5 Summarytheory. These calculations agree with the NLO prediction for the scale � � pT=2at low pT , and show an enhancement in cross section at high pT .A method for simultaneous treatment of recoil and threshold corrections ininclusive photon cross sections has been developed [56] within the formalism ofcollinear factorization. At moderate pT , substantial enhancements from higher{order perturbative and power{law non{perturbative corrections have been foundat �xed{target energies, as illustrated in �gure 2.8 in a comparison with the E706prompt photon measurement at ps = 31:6 GeV. Although the present numericalresults are only exploratory estimates of the size of expected e�ects, it is clearthat the phenomenological consequences are potentially signi�cant.2.5 SummaryIn this chapter, we have considered the knowledge of prompt photon productionmechanisms at HERA, the status of experimental results so far and �nally currentissues in this area, in both experimental and theoretical aspects. The aim of thisthesis is to present measurements of prompt photon production to lead us to adeeper understanding of some fundamental questions of QCD and the partonicnature of matter.
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Chapter 3HERA and the ZEUS Detector
3.1 The HERA Accelerator
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Figure 3.1: The HERA collider enclosing the Volkspark in Hamburg, Germany shownwith the pre-accelerator, PETRA and the four experiments.The HERA (Hadron Electron Ring Anlage) is the world's �rst lepton{protoncollider and is situated at DESY (Deutsches Elektronen Synchrotron) in Ham-burg, Germany (see �gure 3.1). HERA was designed to accelerate electrons orpositrons to 30 GeV and protons to 820 GeV energy, yielding a centre of massenergy ps = 314 GeV, in two independent rings. Figure 3.2 shows a schematiclayout of the HERA accelerator complex. The electron (positron) and proton31



Chapter 3 3.1 The HERA Accelerator

Figure 3.2: A schematic diagram showing the layout of the HERA accelerator complex;four experimental halls and the pre-accelerator ring with the injection system enlarged.rings use conventional and superconducting magnets respectively. For 1996{97running, the lepton ring operated at an energy of 27.52 GeV yielding a centre ofmass energy ps = 300 GeV. The electron ring was �rst commissioned in 1989,while the proton ring was �rst operated in March 1991. First electron{protoninteractions were achieved and recorded in October 1991.The HERA ring is approximately circular and is 6.34 km in circumference.Experimental halls are situated at four equidistant points along the circumferenceof the ring as shown in �gure 3.1 and 3.2. The two ep collider experiments H1 andZEUS are located in the north and south halls respectively. There are also two�xed{target experiments HERMES and HERA{B which are situated in the eastand west halls respectively. HERMES is designed to study the spin structure ofthe nucleon using the scattering of longitudinally polarized electrons o� polarizedgas jet targets. HERA{B is designed to investigate CP violation in the B hadronsector, using wire targets in the proton beam.In the proton injection system, H� ions are accelerated to 50 MeV using alinear accelerator. Before injection into the DESY III storage ring, the electronsare stripped o� the hydrogen ions, yielding protons. This is �lled with 11 buncheshaving a 96 ns bunch spacing, the same as in HERA, and accelerated up to 7.5GeV. The proton bunches are then transferred to the PETRA ring, where theyare accelerated to 70 bunches of 40 GeV and injected into the HERA protonmachine. This process is repeated until HERA is �lled with up to 210 bunches,which are then accelerated to 820 GeV with a lifetime of a few days.32
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Figure 3.3: The left plot shows the integrated luminosity delivered by HERA versusthe date for the years since the start of HERA operation. The luminosity which wastaken by the ZEUS detector and which is useful for physics analysis is shown in theright plot. Since 1998 the proton energy was raised to 920 GeV.The electron injection begins with the LINAC's I and II which acceleratethe electrons to 220 and 450 MeV respectively, and �ll the positron accumulator(PIA) with a single bunch of up to 60 mA. These are then transferred to theDESY II storage ring and accelerated to 7.5 GeV. The transfer to the PETRAII storage ring is performed such that 70 bunches of 96 ns spacing are obtained.After accelerating the electrons to 14 GeV, the electron bunches are transferred toHERA until this is �lled with up to 210 bunches and the electrons are acceleratedto 27.52 GeV with a life time of about 8 (2{3) hours for positron (electron) beam.Since HERA started operating in 1992, the integrated luminosity deliveredby HERA has been continuously increased. The left plot in �gure 3.3 shows theHERA luminosity for the di�erent years versus the days of running. The rightplot shows the luminosity which was taken by the ZEUS detector. During 1996and 1997 running period 38 pb�1 of data were taken by ZEUS detector. Theanalysis presented in the thesis is based on this data set. Since 1998 the protonenergy was raised to 920 GeV and the HERA luminosity upgrade is plannedduring the shutdown in the year 2000, with the aim to increase the luminosity bya factor �ve.
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Figure 3.4: The ZEUS coordinate system.3.2 The ZEUS DetectorThe ZEUS detector is a large multipurpose detector, designed to study lepton{hadron scattering, and has near 4� coverage in solid angle, except for small regionsaround the forward and rear beampipes. The ZEUS coordinate system is shownin �gure 3.4. The z axis follows the line of the beam direction. The x and yaxes point to the centre of the HERA ring and directly upwards, respectively.The polar angle, �, is measured with respect to the proton beam direction. Theazimuthal angle, �, is measured with respect to the x axis in the x{y plane.Figure 3.5 and 3.6 show a cross sectional view of the layout of the ZEUSdetector in the longitudinal (z{y) and transverse (x{y) planes with respect to thebeam direction, respectively. A brief outline of the detector components is givenin the following. The parts of the detector essential for the present analysis aredescribed in more detail in the following sections. A full description of the ZEUSdetector is given in [57].The innermost component is the central tracking detector (CTD) which is acylindrical drift chamber consisting of 9 superlayers with 8 planes of sense wireseach. These chambers are surrounded by a thin superconducting solenoidal coilwith a thickness of one radiation length (X0), producing an axial �eld of 1.8Tesla for determining the momenta of charged particles from their curvature inthe magnetic �eld. At both ends of the CTD there are forward (FTD) and reartracking detectors (RTD) which provide additional tracking and particle identi�-cation informations. The �nal tracking detector is the Small angle Rear Tracking34



Chapter 3 3.2 The ZEUS DetectorDetector (SRTD) which improves the angular resolution on the scattered positron,in the rear direction. All tracking components provide an angular acceptance of7:5�{170�.The uranium scintillator sampling calorimeter (UCAL) totally encloses thesetracking devices and the solenoid coil, and measures with high precision the en-ergies and directions of particles and jets. The presamplers were installed on thefront surface of the UCAL (see chapter 4 for details). Inside the F/RCAL, theHadron{Electron Seperator (HES) of 3 cm � 3 cm silicon diodes was installedin order to improve the hadron electron separation and the spatial resolution. Inthe rear direction there is a small{angle rear tracking detector (SRTD) in frontof the RCAL near the beam pipe to study the energy degradation due to inactivematerials placed between RCAL and the interaction point. The energy leakageout of the UCAL can be detected by the backing calorimeter (BAC) which is con-structed from a sandwich of 7.3 cm thick iron plates and aluminium proportionaltubes with a total depth of 6 to 4 � (interaction length; the mean free path of aparticle before undergoing an interaction) The iron plates serve as a return pathfor the magnetic ux of the solenoid coil. In addition, since 1994 the Beam PipeCalorimeter (BPC) sits around the beampipe within the RCAL and provides po-sition and energy measurements on DIS electrons at very small scattering angles.It extends the Q2 coverage to events with a Q2 of 0.1{0.6 GeV2.The outermost components are the muon detecting systems: the forward muondetector (FMUON) consists of 5 planes of limited streamer tubes, 4 planes of driftchambers, 1 time{of{ight counter, and 2 magnetized iron toroids. The barreland rear muon detectors (BMUON, RMUON) both consist of 2 pairs of theinner and outer components, each of 2 layers of limited streamer tubes. An ironwall covered with 2 planes of large area scintillation counters (Veto Wall) behindthe rear calorimeter, 7 m from the interaction point, protects the detector fromparticles from the beam halo accompanying the proton bunches. The C5 counteris situated 3.2 m from the interaction point upstream of the proton beam andis used to measures the timing of the positron and proton bunches and detectsproton beam interactions upstream of the interaction point.There are other additional detector components which are not shown in �g-ure 3.5 and 3.6. A silicon{strip leading proton spectrometer (LPS) consists ofseveral elements between 20 and 100 m downstream in the proton direction. It isused for detecting proton remnant jets and scattered protons. Similarly a forwardneutron calorimeter (FNC) provides information on the hadronic �nal state atsmall angles in the proton direction. A luminosity measurement is provided bysmall{angle electron and photon calorimeters (LUMI) in the HERA tunnel whichare located 35 and 105 m from the interaction point in the electron direction,respectively. 35
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Figure 3.5: A schematic diagram showing a longitudinal section through the compo-nents which make up the ZEUS Detector.

Figure 3.6: A schematic diagram of the ZEUS detector in the xy plane.36



Chapter 3 3.2 The ZEUS Detector3.2.1 The Uranium CalorimeterThe main part of the ZEUS detector is the uranium scintillator calorimeter(UCAL) [58] which measures with high precision energies and directions of par-ticles and jets. It has a layered structure and is built from depleted uranium(DU; 98.1% 238U, 0.2% 235U, 1.7% Nb) plates interleaved with plastic scintilla-tor (SCSN{38) plates. Readout of the light from the scintillator is achieved bymeans of plastic wavelength shifters (WLS) with associated photo{multipliers.The layout of the calorimeter is shown in �gure 3.5 and 3.6. It consistsmechanically of three independent components: Forward Calorimeter (FCAL),Barrel Calorimeter (BCAL) and Rear Calorimeter (RCAL), covering the polarangle ranges 2�{40� (4:3 � � < 1:1), 37�{129� (1:1 � � < �0:75) and 128�{177� (�0:75 � � < �3:8), respectively. It provides a solid angle coverage of99.8% in the forward hemisphere and 99.5% in the backward hemisphere. Thefront face of FCAL (RCAL) is 2.2 m (1.5 m) distant from the nominal electron{proton interaction point. In units of interaction lengths FCAL has a maximumdepth of 7.2 �, BCAL of 5.3 � and RCAL of 4 �. The depth of the calorimeterwas optimized by requiring that 95 % of the shower energy is contained for 90 %of the jets of maximum possible energy from the HERA kinematics which fallsfrom 800 GeV at the forward proton direction (� = 0�) to about 300 GeV at� = 30�, 100 GeV at � = 60� and less than 50 GeV for � � 90�.The UCAL has a modular structure. Each FCAL/RCAL module has a widthof 20 cm, an active depth up to 1.53 m and a height for the active part varyingfrom 2.2 to 4.6 m, depending on its position with respect to the beam. Themodular structure of BCAL constructed from 32 identical modules each coveringan angle wedge of 11.25� in � with a length of 3.3 m in the beam direction. Theinner/outer radius of the BCAL is 1.22/2.29 m from the beam axis. All modulesare tilted by 2.5� to avoid particles from the interaction point travelling throughmodule boundaries. Each calorimeter component is segmented longitudinally intotwo sections, an electromagnetic (EMC) with a depth of 1 interaction length (�),or equivalently 25 radiation lengths (X0), and hadronic sections (HAC). TheHAC sections of FCAL and BCAL are further segmented longitudinally into twosections with a depth of 2 � 3:1� in the FCAL, 2 � 2:1� in the BCAL, whileRCAL has a single HAC section 3:1� deep.The FCAL/RCAL modules have a non{projective tower structure. The cellreadout in the transverse direction is made in terms of towers of 20� 20 cm2 forHAC sections of both FCAL and RCAL. The EMC sections are further segmentedinto 5�20 cm2 and 10�20 cm2 sections for FCAL and RCAL respectively. Each37
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Figure 3.7: Internal structure of a FCAL module. The 20� 20 cm2 towers with theirlongitudinal division into EMC and HAC section are shown.module of the BCAL consists of 53 EMC towers. Throughout most of the BCALfour EMC towers are backed by one HAC tower which measures 20� 28 cm2 atthe inner radius. Both the EMC and the HAC towers of the BCAL are projectivein azimuthal angle (�) but only the EMC of BCAL is projective in �.As an example of the construction geometry of the calorimeter, Figure 3.7illustrates the internal structure of an FCAL module. It is made up of layersof 3.3 mm thick DU plates yielding 1 X0 of sampling thickness for both EMCand HAC and 2.6 mm thick SCSN{38 scintillator plates. The thickness of theuranium and scintillator plates was optimized to achieve an equal response of thecalorimeter to electrons and hadrons (compensation; e=h = 1).The UCAL is compensating with an electromagnetic energy resolution of18%/pE�1% (GeV) and an hadronic energy resolution of 35%pE�2% (GeV).The calorimeter response to electrons is linear within �2% up to 110 GeV/c. Theangular resolution for the scattered electron is better than 10 mrad. In additionthe UCAL provides excellent timing, better than 1.5 ns compared to the HERAbunch crossing time of 96 ns, which has played a crucial role in the fast rejectionof beam gas background from the physics samples.38
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Figure 3.8: A schematic diagram of one octant of the CTD.3.2.2 The Central Tracking DetectorThe central tracking detector (CTD) [59] measures the direction and momentumof charged particles with high precision and estimates the energy loss dE/dx usedfor particle identi�cation. The CTD is a cylindrical drift chamber with an innerradius of 18.2 cm, outer radius 79.4 cm and length of 205 cm, �lled with a gasmixture of 90% argon, 8% CO2 and 2% ethane. It covers a polar angle of 15� to164� and consists of 72 radial layers, organised into 9 superlayers.Figure 3.8 shows the wire layout in a single octant of the CTD. Alternatinglayers of sense and �eld wires are indicate by the dots. The larger dots arethe sense wires. The odd superlayers are axial layers which have sense wiresparallel to the beam axis, while the even superlayers are stereo layers, inclinedat angle � � 5� with respect to the beam axis, which allows the determinationof the z{position of the hits. For trigger purpose, the inner three axial layers areadditionally equipped with a z{by{timing system (�z � 4 cm) which determinesz{position of a hit from the di�erence in arrival times of a pulse at both ends ofthe chamber. With the 1996 calibration of the chamber, the nominal resolutionof the CTD was per hit around 180 �m{190 �m in r{�, resulting in a transversemomentum resolution of 0.005 pT � 0.0016 for long tracks (> 3 superlayers). Thez{vertex resolution for medium and high multiplicity events, taken from manytrack measurements, is < 1.5 mm. 39
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Luminosity Monitor
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0 10 20 30 40 50 60 70 80 90 100 110Figure 3.9: The luminosity monitor.3.2.3 The Luminosity MonitorThe luminosity at HERA is measured via the rate of the bremsstrahlung processep! ep. The luminosity monitor (LUMI) consists of two separate detectors;one of which measures the scattered electron and the other the photon [60].A lead{scintillator sampling electron calorimeter, situated 35 m from the inter-action point in the electron direction, measures the energy of electrons scatteredat small angle to the beam direction. It detects electrons with �0e < 6 mrad withan e�ciency greater than 70% for 0:35Ee < E 0e < 0:65Ee. A sample of photopro-duction events can be isolated where the electron has been scattered with �0e < 6mrad and is detected in the LUMI. An upper limit of Q2 < 0.002 GeV2 is set onthe virtuality of the photon for these events from the maximum angle an electroncan have while still escaping along the beam pipe, i.e., 6 mrad. The LUMI taggedphotoproduction events provide a well characterised sample which can be used to�nd ways of reducing background in photoproduction events where the electronis not detected.A photon detector is located close to the proton beam 107 m downstream ofthe interaction point in the direction of the electron beam. A carbon �lter is usedto absorb synchrotron radiation, a Cerenkov counter vetos charged particles and�nally a lead{scintillator sampling calorimeter measures the energy of the photon.The geometrical acceptance is 98% for the process ep! ep and is independentof the energy of the photon. The luminosity measurement is obtained from therate of photon events measured in this calorimeter corrected as follows :Rep = Rtot � Runp ItotIunp (3.1)40



Chapter 3 3.3 The ZEUS Trigger Systemwhere Rtot is the total rate, Runp is the rate in unpaired electron bunches, Itotis the total current and Iunp is the current in unpaired electron bunches. Thiscorrects for beam gas backgrounds. The value of the integrated luminosity in1995 and 1996 was measured to an accuracy of � 1.5%.3.3 The ZEUS Trigger SystemThe short bunch crossing time at HERA of 96 ns, equivalent to a nominal rate of� 10 MHz, is a technical challenge which puts stringent requirements upon boththe ZEUS Trigger and the Data Acquisition (DAQ) system. The total interactionrate, which is dominated by background from upstream interactions of the protonbeam with residual gas in the beam pipe, is of the order 10{100 kHz while therate of ep physics events in the ZEUS detector is of the order of a few Hz. Otherbackground sources are electron beam gas collisions, beam halo and cosmic rayevents.ZEUS employed a sophisticated three{level trigger system in order to selectep physics events e�ciently while reducing the rate to a few Hz. A schematicoverview of the ZEUS trigger system is shown in �gure 3.10 [61].The First Level Trigger (FLT) is a hardware trigger, designed to reduce theinput rate below 1 kHz. Each detector component has its own FLT, which storesthe data in a pipeline, and makes a trigger decision within 2 �s after the bunchcrossing. The decision from the local FLTs are passed to the Global First LevelTrigger (GFLT), which decides whether to accept or reject the event, and returnsthis decision to the component readout within 4.4 �s.If the event is accepted, the data are transfered to the Second Level Trig-ger (SLT), which is software{based and runs on a network of Transputers. It isdesigned to reduce the rate below 100 Hz. Each component can also have its ownSLT, which passes a trigger decision to the Global Second Level Trigger (GSLT).The GSLT decides then on accepting or rejecting the event.If the event is accepted by the GSLT, all detector components send their datato the Event Builder, which produces an event structure on which the Third LevelTrigger (TLT) code runs. The TLT is software based and runs part of the o�inereconstruction code on a farm of Silicon Graphics CPUs. It is designed to reducethe rate to a few Hz. Events accepted by the TLT are written to tape via a�bre{link (FLINK) connection. The size of an event is typically � 100 kBytes.From here on events are available for full o�ine reconstruction and data analysis.The trigger logic used for the online selection of photoproduction events, onwhich the present analyses are based, is described in section 6.3.41
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Figure 3.10: A schematic diagram of the processes which make up the ZEUS three-leveltrigger system [61].
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Chapter 4The ZEUS Barrel Presampler
This chapter concerns work done by author on the ZEUS Barrel PREsamplerdetector (BPRE). A brief description of the presampler detector and the ZEUSBPRE are presented in section 4.1 and section 4.2 respectively. The initial perfor-mance of the BPRE is given in section 4.3 with results from the charge injectionstudy, and the development of the BPRE geometry setup for the ZEUS detectorsimulation package is presented in section 4.4, which also gives some perspectivefor future analysis.4.1 IntroductionA Presampler detector provides a link between tracking devices and calorimeters.It is placed just in front of the calorimeter and consists of some conversion materialinterspersed with or followed by an active element. It must be, by de�nition, thickenough to start an EM shower, yet thin enough to allow the shower maximum tooccur well inside the calorimeter. This early sampling of the EM shower gives thepresampler detector an advantage over devices at which have a shower maximumin the area of electron/hadron discrimination. In addition, their better positionresolution is directly correlated with how well they can distinguish between realelectrons and fake signals produced by the overlap of �0's or 's and a chargedtrack. The advantages of using a preshower detector can be summarized as :� the precise determination of the starting position of an EM shower ;� reduction of accidental �0/charged{track overlaps which fake an electron ;� =�0 separation on an event{by{event basis ;43
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Figure 4.1: Exploded view of a BCAL presampler module cassette.� improved electron/hadron discrimination in isolated events and electronidenti�cation.4.2 The ZEUS Barrel PresamplerThe BPRE is a detector component placed just in front of the BCAL that isseparately read out. The signal in the presampler, which counts the numberof charged particles impinging on it, is then proportional to the energy loss ofthe incident particle, since the predominant energy loss mechanisms result inelectromagnetic showers for photons, electrons and low energy pions (throughcharge exchange), and other charged particles for higher energy (� several GeV)pions.A presampler is needed in the ZEUS detector to correct energies measuredin the calorimeter for the energy losses due to the dead material between theinteraction point and the face of the calorimeter. It can be also used to improvethe e=� discrimination ability of the calorimeter as well as providing some =�044
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Figure 4.2: Con�guration of WLS �bres inside a BCAL presampler scintillator tile.separation. It has a particular importance in prompt photon physics since it en-ables us to evaluate the photon signal independently of the energy of the photon.More details will be discussed in section 4.4.Initially the forward and rear calorimeters of ZEUS detector were equippedwith a complete presampler consisting of a single layer of 5 mm thick SCSN38plastic scintillator that is read out by wave{length{shifting (WLS) �bres. In1996 an additional presampler detector was proposed for the barrel region, cov-ering the BCAL face and providing overlap coverage with the FCAL and RCALpresamplers [62].The BPRE detector consists of 32 individual cassettes each containing 13scintillator tiles oriented along the Z direction, installed directly in front of eachof the 32 BCAL modules. The BPRE module cassettes are made from two sheetsof aluminium hex{cell honeycomb glued at the side to an aluminium extrusion,as shown in the exploded view of �gures 4.1.The scintillator tiles consists of 2 pieces of SCSN{38 plastic scintillator, eachapproximately 20 cm � 18 cm and 5 mm thick, read out by 2 �bres embedded ineach tile in a spiral pattern as shown in �gure 4.2. To maximise the light yield,the groove length over tile area should be maximised. The chosen design satis�esthis requirement and also gives a reasonable uniformity of response. The spiralgroove is 2 mm deep in the 5 mm thick scintillator, and two 0.83 mm diameterY11 multi{clad �bres are held in the groove. The length of each WLS �bres is 175cm. They are spliced to 5 m long, clear multi{clad plastic �bres. The attenuationlength of the clear �bre is about 7 m, compared to the distance from the tile tothe PMT of 5 m. The scintillator tiles were wrapped in white Tyvek paper andthe end of each WLS �bres in the scintillator is aluminised.45



Chapter 4 4.3 Initial Performance of the BPREThe 4 clear �bres from a scintillator tower transport the light signal to aPMT whose HV is set and controlled individually by Cockroft{Walton (CW)bases. HV control is supplied by a PC interfaced to CAMAC via GPIB. The HVset values are routed to DACs in the CAMAC crate which then send a voltagelevel to the CW bases on the detector. The HV monitoring signal is sent backto a multiplexed ADC in the same CAMAC crate to analyze the HV set andread{back voltage.4.3 Initial Performance of the BPREThe ZEUS BPRE was commissioned in the fall of 1998 and has taken useful datasince January 1999.Several plots of the inclusive BPRE data from the 1999 HERA run are shownin �gure 4.3. The data sample analyzed is the 1999 luminosity runs (run numbers;31784{31943). The total luminosity of this sample on tape is about 11.87 pb�1.Figure (a) and (b) show the correlation between hits in the BPRE compared tohits in the BCAL EMC. The BPRE/BCAL Contour plot; (a) shows the clearcorrelation between hits in the BPRE and BCAL channels for inclusive data.The following requirements are required;� BCAL EMC energy > 1.0 GeV� BPRE signal > 1.5 pCThe BPRE/BCAL scatter plot (b) shows the correlation between BPRE signal inpC and electron energy in BCAL EMC in GeV. Figure (c) show that the mappingbetween 32 BPRE modules and 13 BPRE tiles for a given channel. BPRE energydistribution for the events is shown in �gure (d).To check the performance of BPRE analog card readout system, the testfor the charge injection (Qinj) was done using the calorimeter data acquisitionsoftware (CALDAQ). Figure 4.4 shows the charge injection results of all BPREchannels; (a) before and (b) after energy correction. There is one bad channelbetween channel 260 and 270, indicating the non{operation of one BPRE channel.After energy correction, all gain are same at 15000 pC (see �gure 4.4 (b)). Inthe �gure 4.4 (b) there are 4 dips due to 16 unused channels of four crates in thefront{end electronics.The CALDAQ does not do any energy correction per sample. The DSP coderunning on the digital cards, which receives the bu�er{multiplexer information46
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Figure 4.3: (a) Correlation between hits in the BPRE and BCAL channels, (b) cor-relation between BPRE signal in pC and electron energy in BCAL EMC in GeV, (c)mapping between 32 BPRE module and 13 BPRE tile for a given channel and (d)BPRE energy distribution in pC.
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Figure 4.5: Example of BPRE O�{line DQM Histograms. The average signals (meancharge in pC) per (top:) PMT number (416 channels are active), (middle:) modulenumber (13 PMTs per module) and (bottom:) tower number (32 PMTs per tower)and subsequent misinterpretation of the average signals, the program preselectsevents with energy greater than 1.0 GeV found in BCAL. A status ag, (1) Nor-mal, (2) Warning and (3) Alarm, transported to the general ZEUS DQM,is displayed in the Slow Control system. If fewer than 70 channels are dead, thestatus of BPRE is regards as Normal.O�{line DQM for the BPRE is performed once every few days, running onZEUS{O�ine cluster. The program analyses the average signals for each channelusing approximate 6000 inclusive events and checks the timing and the meancharge of the signals for each channel;There are two sets of O�{line DQM histograms available. Figure 4.5 showsone of the O�{line DQM histograms for the data taken on July 24, 2000. It49



Chapter 4 4.4 Geometry Setup using GEANTshows that the average signals (mean charge in pC) per PMT number (top plot:416 channels are active), module number (middle plot: 13 PMTs per module)and tower number (bottom plot: 32 PMTs per tower). In the �gure, the averagesignals (mean charge in pC) per channel are about 5 pC. This is consistent withthe other calibration programs for which the 5 pC charge is a reference signal.4.4 Geometry Setup using GEANTThere was originally an incorrect geometry description for the BPRE in the lat-est version of ZEUS detector simulation package, Mozart. According to theincorrect geometry setup, the BPRE tiles number 1 and 14 had a di�erent size intransverse dimension. Here the tiles 1 and 14 are the �rst and the last scintillatortile in the Z direction. In the real experimental con�guration for the BPRE geom-etry, however, there are 13 tiles, each having same transverse size, 20 cm, in onemodule. Therefore a correct geometry setup and material de�nition of the BPREin the Mozart was written by the author, using the GEANT software [63].As described in section 4.1, the full BPRE consists of 32 cassettes, one foreach BCAL module. Each module contains 13 SCSN{38 scintillator tiles with 5mm thick and about 20 � 18 cm2 cross section.In the GEANT description, the mother volume containing the whole setup isnamed `BPRE', that is the �rst level volume. In the second level, a virtual volume`SCI3' is made to insert a individual SCSN{38 scintillator tiles. The `SCI3' is thenplaced in the realistic (x; y; z) position of the BPRE tiles for a given module andtile. Figure 4.6 shows the new BPRE geometry generated by GEANT.4.5 /�0 SeparationFigure 4.7 shows the di�erences of shower development between photons (a) and�0 mesons (b) in the ZEUS detector. Even narrowing the class of events tothose with a well isolated photon candidate leaves a substantial number of eventswith mesons that \fake" a real photon. To measure the prompt photon eventse�ectively further methods are needed.There are two statistical methods available in the ZEUS experiment. Bothmethods depend on the fact that the showers from meson decays come from morethan one photon. One method, the shower pro�le method used in the presentanalysis, uses measurements of the transverse shower shape of the EM shower50
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416 channels
32 modules / 13 tiles

BPRE

10 GeV Photons

Figure 4.6: BPRE geometry generated by GEANT 3.16. The BPRE detector consistsof 32 individual module containing 13 SCSN{38 plastic scintillator tiles oriented alongthe Z direction, installed directly in front of each of the 32 BCAL modules. The totalBPRE channel is 416. As an example a 10 GeV photon generated at the interactionpoint and propagated to the BPRE module is shown.
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Chapter 4 4.5 /�0 Separation
10 GeV Photons 10 GeV Neutral Pions

Figure 4.7: GEANT pictures of 10 GeV photons (left) and neutral pions (right) gen-erated at the interaction point and propagated through the ZEUS detector to theBPRE/BCAL for a certain module. The BPRE cassette is seen in front of each BCALmodule.in the calorimeter to quantify the fraction of events with single photon showers.The second method, the conversion probability method, depends on the fact thatmultiple photons are more likely than single photons to produce an e+e� pair inthe presampler.In the BPRE proposal [62], use of the BPRE to identify photon conversionswas postulated as a means of separating signals of prompt photons from �0 back-grounds. This method relies on the ability of the BPRE to distinguish betweenzero, one, and two photon conversions in order to help classify candidates. Alongwith the shower shape analysis presently in use, it was seen as a largely compli-mentary approach that could enhance the selection of prompt photon candidates,especially at higher energies since the BPRE signal is not degraded by the spatialseparation of the photon conversion products.As a �rst look at the future analysis capabilities of the BPRE, a comparisonof BPRE signals with the BCAL shower shape{dependent quantities used in thepresent analysis (see chapter 7 for details) has been made [64]. These are (1)the mean width <�Z> of the BEMC cluster in Z and (2) the fraction fmax ofthe total cluster energy found in the most energetic cell in the cluster. Thesequantities are described in detail in chapter 7.2.The data used here were obtained from e�p running in 1999 at HERA, withEe = 27:5 GeV, Ep = 920 GeV. The integrated luminosity is 11.87 pb�1. The52
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Figure 4.8: Prompt photon candidates in photoproduction [64]. Top : all candidatesafter <�Z> cut to reduce � meson backgrounds, Middle : candidates after requiringa BPRE signal of less than 2.5 MIPS (solid) and candidates with BPRE signal of 0MIPS (dashed), Bottom : candidates with BPRE signal greater than 2.5 MIPS.event selection criteria are the same as those of 1996{1997 data analysis exceptfor the uranium noise con�guration in the ZEUS calorimeter. The details of theevent selection procedure are presented in chapter 6. After event selection 2066prompt photon candidates E T > 5 GeV in the region of pseudorapidity range�0:7 < � < 0:9 remained.The top plot in �gure 4.8 shows the fmax distribution of prompt photon can-didates after applying the <�Z> cut; <�Z> < 0:65. From Monte Carlo studies,photons should peak strongly at high fmax, while �0s exhibit an almost at distri-bution with some peaking at values of about 0.6 and 0.9. The middle �gure showsthe fmax distribution after requiring a BPRE signal of less than 2.5 MIPS (solid53



Chapter 4 4.5 /�0 Separationline). Also shown (dashed line) is the distribution from 0 MIPS (no BPRE sig-nal). The bottom plot is the resulting fmax distribution when the BPRE signal isgreater than 2.5 MIPS. Note that the peak at high fmax is enhanced by the lowBPRE MIP requirement while being suppressed by the high MIP cut.A correlation between the BPRE signal and calorimeter{based variables de-signed to isolate prompt photon is seen. It is anticipated that in future promptphoton analyses, the BPRE will be used to enhance the ability to separate pho-tons from �0s, resulting in a larger prompt photon signal to �0 background ratio.
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Chapter 5Monte Carlo Simulation
The aim of the measurements in this thesis is to make a comparison betweenmeasured data and the theoretical predictions. The theoretical calculation of thephysics processes is achieved by the use of Monte Carlo event generators whichsimulate the leading{order hard subprocess and the e�ects of leading{logarithmicparton{showers. Monte Carlo event generators also include non{perturbativephysics by use of appropriate phenomenological models and parameterisations ofparton density functions in the calculation.Monte Carlo techniques are not only used to simulate the physics processes,but are also required in describing the experimental measurement. In order tomake a direct comparison between data and Monte Carlo model the measureddata have to be corrected for detector acceptance and smearing e�ects beforethe comparison to the hadron level calculations. Knowing the true hadron leveland detector level properties of the Monte Carlo events, such a correction canbe made for the e�ect of the detector on the measured data. To simulate thedetector response, events from the Monte Carlo generators are processed by thedetector simulation program.In this chapter the general features of Monte Carlo models and methods usedin the study are discussed.5.1 Event GeneratorsThe main theoretical justi�cation for QCD Monte Carlo simulation lies in thefactorization theorems for hard QCD processes. The scheme of a Monte Carloevent generation for lepton{hadron collisions at HERA can be factorized into thefollowing subprocesses; 55



Chapter 5 5.1 Event Generators� Hard Scattering Subprocess :This can be calculated analytically to �xed order in perturbation theory.The hard subprocess momentum transfer scale Q sets the boundary condi-tions for the initial and �nal state parton showers. At present, the matrixelements are implemented only to the �rst order in �s, leading{order 2{to{2processes, in current Monte Carlo models.� Parton Showers :The perturbative parton emissions (gluon and photon) from the incom-ing and outgoing partons could give rise to potentially large corrections tothe exact �xed{order matrix element treatment. These corrections becomeincreasingly important as the available energy rises.In the Parton Shower approach, only the leading{log Q2 approximation ofthe DGLAP evolution equation is used, which in turn allows us to simulatehigher{orders. The parton shower evolution is terminated at a lower cut{o�threshold, Q0, which is typically � 1 GeV2 for QCD radiation.� Hadronization Process :In order to construct a realistic simulation one needs to convert the par-tons into hadrons. The hadronisation process takes place at low momentumtransfer scale, and pQCD does not apply due to the large strong couplingconstant, �s at this scale. Instead a phenomenological hadronization modelmust be used to associate partons with hadrons.The main models at present are string and cluster hadronization modelsand are used in the Pythia and Herwig Monte Carlo event generators,respectively. In both cases, a parton shower initiated by the hard processevolves perturbatively, according to the DGLAP equation, until the scaleof parton virtualities has fallen to some low value Q0 � 1 GeV, whereuponthe non-perturbative processes are assumed in the model to take over.Two leading{logarithm parton shower Monte Carlo models, Pythia andHerwig, were used in this study. Both comprise a LO matrix element ac-companied by higher order e�ects in the initial and �nal states together withhadronization. The main di�erences between the two LO Monte Carlo models liein the evolution of the parton shower and the hadronisation model used.56



Chapter 5 5.2 The Pythia Monte Carlo Model5.2 The Pythia Monte Carlo ModelPythia [65] is a general{purpose Monte Carlo event generator for particle pro-duction in e+e�, ep and pp interactions. Together it contains theory and modelsfor a number of physics processes, including hard and soft interactions, partondistributions, initial and �nal state parton showers, multiple interactions, frag-mentation and decay.In Pythia, the evolution of the parton{shower is governed by the virtuality,Q2. The angular ordering property of colour coherence is simulated by prohibitingnon{ordered emission. In the case of photoproduction it uses the Weizsa�ckerWilliams Approximation (WWA) [10] to generate the photon spectrum for bothdirect and resolved processes.The Lund string model [66] as implemented in Jetset [67] is used by Pythiato fragment partons into hadrons. This model is based on the dynamics of arelativistic string, representing the colour ux stretched between the initial q�qproduced in an e+e� collision. The string produces a linear con�nement potentialand an area law for matrix elements. The string breaks up into hadrons via q�q pairproduction in its intense colour �eld. Gluons produced in the parton shower giverise to `kinks' on the string. The model has extra parameters for the transversemomentum distribution and heavy particle suppression. It has some problemsdescribing baryon production, but less than the cluster model.The Pythia 5.7 and 6.1 MC versions are used for the inclusive prompt photonanalysis in chapter 8 and for photon + jet analysis in chapter 9, respectively.5.3 The Herwig Monte Carlo ModelHerwig (Hadron Emission Reactions With Interfering Gluons) [68] is a multi{purpose Monte Carlo event generator for high energy hadronic processes, withparticular emphasis on the detailed simulation of QCD parton showers.It uses the parton{shower approach using a coherent branching algorithm forinitial{state and �nal{state QCD radiation in hard subprocesses. This partonshower algorithm implemented in Herwig takes into account interference be-tween soft gluons which gives rise to colour coherence in the parton shower. Thecoherence is included through the choice of evolution variables, ordering in whichnaturally restricts the branching phase space to an angular ordered region.The Herwig uses a cluster hadronization model with longitudinal splittingof high{mass clusters and soft underlying event to form a hadron. It is local in57



Chapter 5 5.4 Detector Simulation
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Figure 5.1: ZEUS o�ine and Monte Carlo chaincolour and independent of the hard process and the energy. After the perturbativeparton shower, all outgoing gluons are split into quark{antiquark or diquark{antidiquark pairs. Then, all quarks are combined with their nearest neighbouringantiquark or diquark, to form a colour singlet cluster. The clusters thus formedare fragmented into hadrons. Light clusters are simply taken to be hadrons whileheavier clusters decay isotropically into lighter hadrons.The Herwig 5.9 Monte Carlo is used throughout this thesis to check theMonte Carlo model{dependence.5.4 Detector SimulationThe events fromMonte Carlo generators have to be processed by the detector sim-ulation and o�ine reconstruction chain before they can be compared with mea-sured data. At ZEUS the detector simulation is carried out by Mozart (MOnteCarlo for ZEUS Analysis, Reconstruction and Trigger) which is based on theCERN Geant [63] program package. It contains a detailed description of all thedetector component materials and positions. Mozart simulates the passage ofgenerated particles through the ZEUS detector including particle decay, energy58



Chapter 5 5.5 Monte Carlo Samplesloss into dead material and multiple scattering. To describe the development ofhadronic showers, the program package Gheisha is implemented. The ZEUStrigger decision on the signals is simulated by the Zgana program [69].Figure 5.1 shows the schematic diagram of processes which make up the ZEUSo�ine and Monte Carlo chain. Raw data from ZEUS detector or ZEUS detec-tor (Mozart) and trigger (Zgana) simulation programs is passed through theZEUS physics reconstruction program (Zephyr) in order to reconstruct physicsvariables. The reconstruction of events runs through three phases:1. Reconstruction of individual detector components.2. Global track matching and vertex �nding algorithm.3. Particle identi�cation.The ADAMO (Aleph DAta MOdel) system is used in ZEUS event reconstructionand analysis for the design of data structure. Events are structured by groupingADAMO tables into logical records called dataows.5.5 Monte Carlo SamplesThree types of Monte Carlo samples were employed in this analysis to simulate:(1) the LO QCD prompt photon processes, (2) dijet processes in which an outgo-ing quark radiated a hard photon (radiative events), and (3) single particles (,�0, �) at high ET . These are all subprocesses described in chapter 2. All gener-ated events were passed through a full detector simulation chain, as described inthe previous section, in order to simulate the ZEUS detector and trigger in the1996{1997 running periods.The Pythia 5.7/6.1 and Herwig 5.9 Monte Carlo generators were both usedto simulate the direct and resolved prompt photon processes. These generatorsinclude LO QCD subprocesses and higher{order processes modelled by initial and�nal{state parton showers. The MRSA proton parton density function (pdf) andthe GRV{LO photon pdf were used. The minimum pT of the hard scatter was setto 2.5 GeV and the maximum Q2 set to 4 GeV2. Initial and �nal{state QCD andQED radiation were employed. Multi{parton interactions were not implementedin the resolved samples since they are not expected to have a signi�cant e�ect inthe prompt photon photoproduction at HERA. The radiative event samples werelikewise produced using direct and resolved photoproduction generators withinPythia and Herwig. 59



Chapter 5 5.5 Monte Carlo Samplesdirect resolved radiative (dir) radiative (res)Pythia 5.7 136.1 pb�1 138.5 pb�1 127.6 pb�1 54.4 pb�1Herwig 5.9 146.7 pb�1 150.9 pb�1 62.9 pb�1 41.5 pb�1Table 5.1: Integrated luminosity of the generated prompt photon Monte Carlo events.Single  Single �0 meson Single � meson Single e+Pythia 100000 100000 100000 50000Table 5.2: Single particle Monte Carlo samples.The equivalent integrated luminosities of the prompt photon Monte Carlosamples generated by Pythia 5.7 and Herwig 5.9 are listed in table 5.1. TheMonte Carlo statistics are approximately four times that of the data.In modelling the overall photoproduction process, the event samples producedfor the separate direct, resolved and radiative processes were combined accordingto their total cross sections as calculated by the generators. A major di�erencebetween Pythia and Herwig is the smaller radiative contribution in the Her-wig Monte Carlo model. Details of the result are given in chapter 8.In order to reduce the Monte Carlo event generation time in the detectorsimulation, a special physics �lter was introduced to select the prompt photoncandidate events which are within an interesting kinematic region for the analysis.Photons with ET > 3:5 GeV and j�j < 2.0 were selected. These requirementsare safe enough to keep all prompt photon events which remain as a result of theo�ine analysis.Three Monte Carlo single{particle data sets were generated using Jetset7.3, comprising large samples of , �0 and �{mesons respectively. The singleparticles were generated uniformly over the acceptance of the BCAL and with aat transverse energy distribution between 3 and 20 GeV; ET{dependent expo-nential weighting functions were subsequently applied to reproduce the observedET distributions. This gives a resonable representation of the pseudorapidity dis-tribution of the photon candidate events. These samples are used in making theseparation of signal and background using shower shapes in the calorimeter (seechapter 7 for details), and are also used to study the detector response of thephoton and neutral mesons, e.g. photon transverse energy correction (see chap-ter 6 for details). The statistics of the single particle Monte Carlo samples aboveare listed in table 5.2. 60



Chapter 5 5.5 Monte Carlo Samplesk0 = 0.44 k0 = 1.0 k0 = 1.5 k0 = 2.0 k0 = 3.0direct 135.0 pb�1 129.8 pb�1 123.6 pb�1 120.7 pb�1 113.1 pb�1resolved 162.2 pb�1 158.9 pb�1 157.8 pb�1 156.3 pb�1 151.2 pb�1Table 5.3: Integrated luminosity of the generated kT enhanced non{fragmentationprompt photon Monte Carlo events usingPythia 6.1 (for the 1996{1997 ZEUS detectorcon�guration). k0 = 0.44 k0 = 1.0 k0 = 1.5 k0 = 2.0 k0 = 3.0direct 328.0 pb�1 315.0 pb�1 328.0 pb�1 323.0 pb�1 310.0 pb�1resolved 38.9 pb�1 36.4 pb�1 38.7 pb�1 36.9 pb�1 34.8 pb�1Table 5.4: Integrated luminosity of the generated kT enhanced fragmentation promptphoton Monte Carlo events using Pythia 6.1 (for the 1996{1997 ZEUS detector con-�guration).5.5.1 Intrinsic kT{enhanced Monte Carlo SamplesAs di�erent analyses are performed in chapter 9 in order to study the meanintrinsic parton transverse momentum, <kT> , in the proton and the photon,additional prompt photon Monte Carlo sets with a higher intrinsic kT valueswere generated using Pythia 6.1.In the Pythia Monte Carlo model, the intrinsic <kT> of the partons in theproton and in the resolved photon can be parameterized by several functions ;� Gaussian : dN/dk2T / e�k2T =k20� exponential : dN/dkT / e�kT =k0� power{law : dN/dk2T / 1=(k2T + k20)where k0 is a parameter which determines the hardness of the kT distribution.The Pythia default value of k0 for both the proton and the resolved photon is0.44 GeV. An option in Pythia allows events to be generated using a di�erentfunctional form for the kT distribution and a di�erent value of <kT> . This optionhas been used to generate events with a higher <kT> values.To generate the intrinsic kT enhanced Monte Carlo samples, we used a Gaus-sian formula and the parameter k0 (two{dimensional Gaussian width) of the pro-ton varied between 0.44 and 3 GeV, where the mean absolute value of the intrinsic61



Chapter 5 5.5 Monte Carlo Samplesresolved (non{fragmentation) resolved (fragmentation)k0 = (1.0,1.0) 153.0 pb�1 36.05 pb�1k0 = (1.5,1.0) 153.5 pb�1 36.35 pb�1k0 = (1.5,1.5) 147.0 pb�1 33.20 pb�1k0 = (2.0,1.0) 150.3 pb�1 35.80 pb�1k0 = (2.0,1.5) 146.0 pb�1 33.50 pb�1k0 = (2.0,2.0) 144.0 pb�1 30.11 pb�1k0 = (3.0,1.0) 146.2 pb�1 32.40 pb�1k0 = (3.0,1.5) 143.0 pb�1 30.50 pb�1k0 = (3.0,2.0) 140.7 pb�1 27.50 pb�1k0 = (3.0,3.0) 137.7 pb�1 22.62 pb�1Table 5.5: Integrated luminosity of the generated kT enhanced resolved prompt photonMonte Carlo events usingPythia 6.1 (for the 1996{1997 ZEUS detector con�guration).For example k0 = (3.0,2.0) means 3 GeV k0 in the proton and 2 GeV k0 in the photon.parton momentum, <kT> , is given by <kT> = q�=4k0. The k0 in the resolvedphoton was �xed at the Pythia 6.1 default value of 0.44 GeV. An additionalupper cut{o� value for the intrinsic kT has been applied for each value of k0. TheMonte Carlo statistics of the intrinsic kT enhanced samples are listed in table 5.3and 5.4.We also generated additional Monte Carlo sets with di�erent combinationsfor the intrinsic kT values for both the proton and photon. (see table 5.5)
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Chapter 6Reconstruction and EventSelection
In this chapter we present the details of the reconstruction and event selectionprocedure for the analysis presented in this thesis. The data were obtained frome+p running in 1996{97 at HERA, with Ee = 27:5 GeV and Ep = 820 GeV,corresponding to a centre of mass energy of ps = 300 GeV.The major detector components in the analysis are the central tracking de-tector (CTD) and the uranium calorimeter (UCAL). A description of the ZEUSdetector can be found in detail in chapter 3. Prompt photons are detected inthe barrel section of the calorimeter, as seen in �gure 6.1 and 6.2. It enables apartial discrimination between single photon signals and the decay products ofneutral mesons. A typical high{ET photon signal is observed in a small clusterof BEMC cells, with no associated CTD track. Possible such signals are referredto as prompt photon candidates.Examples of prompt photon candidates from direct and resolved processes,as recorded in the ZEUS detector are shown in �gure 6.1 and 6.2 respectively.Here the energy and position measurements of the UCAL and CTD for the eventare displayed in three di�erent views, shown in a plane parallel on the left, arapidity{azimuth lego plot of transverse energy on the upper right and a viewalong the beam axis on the lower right. The shaded areas in the calorimeterindicate energy deposits. The prompt photon candidate is clearly identi�ed inthe upper half of the segmented uranium calorimeter and well isolated.The fundamental signature of data samples used in the present study consistsof (1) the isolated high ET photon candidate (Inclusive prompt photon samples)and (2) a prompt photon accompanied by a balancing high ET jet (Prompt photon+ jet samples). 63



Chapter 6

Figure 6.1: An example of a direct process prompt photon candidate. The promptphoton event is clearly identi�ed in the uranium calorimeter and well isolated. Thehadronic objects can be seen at the opposite � direction to the photon. The energyow around the FCAL beampipe is due to the proton remnant.

Figure 6.2: An example of a resolved process prompt photon candidate. The promptphoton event is clearly identi�ed in the uranium calorimeter and well isolated. Theenergy ow around the FCAL and RCAL beampipe is due to the proton remnant andphoton remnant respectively. 64



Chapter 6 6.1 Reconstruction of PhotonThe algorithms used to �nd photons and jets are �rst discussed in section 6.1and 6.2 respectively. In this chapter, we also discuss the event reconstruction andonline / o�ine data selection criteria speci�c to this studies. In case of inclusiveprompt photon analysis, the o�ine event selection cuts are the almost same asthe photon + jet analysis except without the requirement of jet candidates.6.1 Reconstruction of PhotonTo identify the photon candidates in the o�ine analysis, the Eexotics [70]electron �nder was used. This was selected as having been adapted from theElec5 [71] �nder with the purpose of identifying deep inelastic scattered elec-trons in a wide energy region. Since the Eexotics �nder does not require anytrack information, this electron �nding algorithm can be used to identify theevents with neutral electromagnetic shower characteristics such as a photon.The virtue of the the Eexotics �nder is good e�ciency for �nding photonsignals in the kinematic region we are concerned with in this analysis.6.1.1 Photon �nding algorithmThe photon �nding algorithm with the Eexotics �nder collects the energy de-positions from individual calorimeter cells and creates calorimeter objects usinga cone algorithm. The Eexotics photon �nding algorithm can be divided intothe following steps ;1. Seed cells �nding :The 10 highest energy EMC cells with energy above 1.0 GeV are considered\seed" cells, one for each photon. If the angle between two such cells was lessthan 12�, only the higher energy seed cell is further considered.2. Cone assignments :For each seed cell, the following cone assignments and cone cuts for assignmentof calorimeter cells to a cluster are considered. The angles are measured relativeto the seed cells.� EMC inner region : EMC energy within a cone of radius 0.25 [rad]65



Chapter 6 6.1 Reconstruction of Photon� EMC outer region : EMC energy between cones of radii 0.25 and 0.4 [rad]� HAC1 inner region : HAC1 energy within a cone of radius 0.3 [rad]� HAC2 inner region : HAC2 energy within a cone of radius 0.3 [rad]3. Calculation of e quality factor :The following quantities are calculated for all remaining seed cells. Thesequantities were chosen and cone radii were tuned to distinguish between a com-pact electromagnetic shower and a broad hadronic shower.� Energy weighted radius of EMC energy within a cone of radius 0.25 [rad]� Ratio of EMC energy in an outer cone and inner cone.� Ratio of HAC1 energy and EMC + HAC1 energy in an inner cone.� Ratio of HAC2 energy and EMC + HAC2 energy in an inner cone.The above 4 quantities were used to calculate an electron quality factor for agiven candidates using the probability functions, P1, P2, P3 and P4. The electronquality factor is calculate as ;Quality factor = P1� P2� P3� P4 (6.1)A candidate is rejected if its quality factor is less than 10�8.4. Selection of EM cluster :The �nal candidates are selected if they satisfy the following conditions.� Number of cells � 35� log10(Quality factor) > �8� Ee = EEMC + EHAC1 + EHAC2 > 2 GeV� (EHAC1 + EHAC2) / Ee < 0.1 for 0 < imbalance of seed cell < 0.2Finally the position (�, �) of the candidate is calculated based on energysharing between cells and PMT energy imbalance within cells.If there is more than one candidate surviving the cuts, they are ordered ac-cording to quality factor and are considered as prompt photon candidate events.66
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Figure 6.3: The correlation of the di�erence between detector and hadron level quan-tities with �, ' and EdetT shown for PYTHIA events. (a), (b), (c) �ET vs EdetT , �, ';(d), (e), (f) �� vs EdetT , �, '; (g), (h), (i) �' vs EdetT , �, '. The points show the meanof the distributions and the error on the mean.6.1.2 Photon transverse energy correctionThe aim of the photon transverse energy correction is to correct the measuredZEUS data to hadron level, enabling comparisons with QCD predictions. Ide-ally, a detector would be able to measure particle positions and energies exactly.However detectors have �nite angular and energy resolutions and other factorssuch as energy losses in dead materials in the detector. Such incompleteness ofthe detector makes the physical variables reconstructed with the raw calorimeterinformation di�erent from the true hadronic variables.A correction to the measured photon energy was established by means of aMC comparison between the generated and detected energies of single photonsdistributed over the calorimeter. Figure 6.3 show the correlation of the di�erence67
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Figure 6.4: The pro�le of the transverse energy di�erences between hadron level anddetector level photon and �t to the pro�le. Ehad�detT vs EhadT �tted by a functionEdetT = A+B _EhadT to obtain the photon energy correction functions.between �, � and ET for matching pairs of detector and hadron level photons.The angular variables (�, �) are well correlated between detector and hadron levelphotons in �, � and ET with no systematic shift. No corrections are required forthese angular variables.Figure 6.3 (a){(c), however, shows that the photon ET measured in thecalorimeter is systematically lower than the true value. Such a systematic shifton the detector level photon ET must be corrected to the hadron level.In �gure 6.4, the quantity EhadT {EdetT is plotted as a function of EhadT , whereEhadT and EdetT refer to the photon ET at the hadron and detector level respectively.The event sample is divided into 8 bins of photon pseudorapidity according tothe resolution. In each bin of photon pseudorapidity the distributions are �ttedwith a function of the linear form ; 68
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Figure 6.5: The distribution of EhadT - EcorT (solid line) and EhadT - EdetT (dotted line).The ET correction procedure was applied for prompt photon MC (PYTHIA). The eightpro�le plots correspond to each bin of photon rapidity. The scale of ET is in GeV.ET (had)� ET (det) = A� ET (had) +B (6.2)from which the corrected ET of photon, referred to as ET (cor), is obtained ;ET (cor) = ET (det)1� A + B1� A (6.3)Figure 6.4 also shows that reasonably good �ts to the distributions are ob-tained. This correction amounted typically to 200{400 MeV in the �0:7 < � <0:9. Figure 6.5 shows the plots of EhadT {EcorT and EhadT {EdetT in di�erent bins ofphoton pseudorapidity and displays two di�erent lines, a solid line for after thephoton ET correction and a dotted line for before the photon ET correction. Itshows that EcorT is closer to EhadT than EdetT . This photon ET correction a�ectsthe acceptance correction slightly. As a result we get correction factors which are69



Chapter 6 6.2 Reconstruction of Jeta little closer to 1.0. The resolutions for each bin of photon pseudorapidity showhow well the hadron level photon ET is reproduced by the corrected photon ETusing the methods described above.After the photon energy correction the events were retained for �nal analysisif a photon candidate with transverse energy ET > 5 GeV was found in thekinematic region of pseudorapidity �0:7 < � < 0:9.6.2 Reconstruction of JetSince a jet is not a fundamental QCD object it is necessary to �nd an exactde�nition. Jets observed in hadronic �nal states are features of the event whichare expected to correspond closely to the kinematics of the �nal state partonsproduced in the hadronic interaction. Experimentally a �nal state quark or agluon forms an observable jet in the detector.To enable comparison of results between experimental data and theory it isimportant to use standard jet �nding algorithms. The 1990 Snowmass Work-shop [72] stated that any jet de�nition should be simple to implement in anexperimental analysis and in theoretical calculations, should be de�ned at anyorder of perturbation theory, and should yield a �nite cross section at any orderof perturbation theory that is also relatively insensitive to hadronisation.On the experimental side, jets can be found by means of standard jet �ndingalgorithms and then reconstructed using the information from calorimeter cellsor (and) tracks in the tracking detector. In theoretical calculations, jets can befound from partons in the the hard subprocess (parton level) or, using eventsfrom hadronisation shower MC models, �nal state hadrons (hadron level). Inorder to compare experimental data meaningfully with theoretical predictions itis essential to have a good correspondence between jets at all levels. An importantaspect of this is that the chosen jet de�nition should be applied to experimentaland theoretical quantities in a consistent way.6.2.1 Jet �nding AlgorithmsTwo types of algorithm are available to de�ne a jet: a cone algorithm in accor-dance with the Snowmass Convention and a clustering algorithm which combinesobjects with small relative transverse energy into jets. Detailed discussions ofeach of these can be found elsewhere [73], so only a brief description of two jet�nding algorithms is given below. 70



Chapter 6 6.2 Reconstruction of JetThe longitudinally invariant KT clustering algorithm KTCLUS has been usedin this analysis as it is well de�ned and free of singularities to all orders.Cone AlgorithmsCone algorithms search for a jet by looking at a cone of �xed radius, R0, in the��' plane which contains a maximum transverse energy of hadrons or calorime-ter cells. These are the type of jet �nding algorithms used in hadron{hadroncollisions. The Snowmass Convention de�nes the jet recombination scheme forthe transverse energy and the angular variables, � � ', of a jet as:EjetT =Xi ET i�jet = 1EjetT Xi ET i�i'jet = 1EjetT Xi ET i'iwhere the sum runs over all hadrons, and calorimeter cells within the jet coneradius, R0, de�ned as ;Ri = q(�i � �jet)2 + ('i � 'jet)2 � R0Here 'i and �i are the azimuthal angle and pseudorapidity of the cell. In generala jet cone radius of R0=1 is taken for the cone algorithms, although the detailedproperties of jet merging and seed �nding are not de�ned with the SnowmassConvention.EUCELL [74] is an adaptation of another cone jet algorithm used at ZEUS. Ituses the concept of pre{clustering. In EUCELL, clusters are determined using agrid in ��� space. The size of the cells that make up the grid is determined suchthat ��gridcell � ��gridcell � R=2. By then sliding a 3 � 3 cell window over thegrid, potential pre{clusters are formed. The Snowmass parameters are calculated.A cone of radius R is then placed around the pre{cluster and an iterative processis performed. The �rst jet is de�ned as the cone with the highest transverseenergy. Successive jets are then determined from the remaining objects by thesame procedure until there exist no more cones above a certain energy threshold.
71



Chapter 6 6.2 Reconstruction of JetClustering AlgorithmsClustering algorithms have been widely used for many years in e+e� collisions anddi�er signi�cantly from cone algorithms. The cone algorithms as discussed abovecan lead to ambiguities. The treatment of overlapping jets is not de�ned withinthe Snowmass convention, nor is the question of seed �nding for the initial jets.This leads to theoretical ambiguity with respect to jet merging in the �nal stateand the process is not always infra{red safe at NNLO without modi�cation [75].These problems are avoided by the use of the KT clustering algorithm, as themerging criterion is completely de�ned for any given �nal state. As such, in thepresent analyses we avoid the problems inherent in the use of the cone algorithmand use only the KT algorithm [76].For a cluster algorithm we must specify some distance measure which de-termines which particles will be merged, together with a recombination schemewhich de�nes how they will be merged. In photoproduction we run the algorithmin the laboratory frame using the inclusive recombination scheme of Ellis andSoper [77] in a mode which is invariant under longitudinal boosts, the recombi-nation scheme being similar to that of the Snowmass Convention (the so-called\pT" mode). The algorithm depends on a chosen parameter R which is analogousto a cone radius.To decide which particles should be merged, for each particle i we form thequantity, di = E2T;iand for each pair of particles, ij, we form the quantitydij = min(E2T;i; E2T;j) h(�i � �j)2 + (�i � �j)2i =R2:The di is the limiting case of small angles of the \distance" between particle iand a large mass remnant travelling along the z direction.If the smallest of all the d values is a dij, the particles i and j are mergedinto a single object, k. If however, the smallest value is a di then this particleis considered \complete" and is removed from further clustering. This process isthen repeated until all the objects have been removed, producing an ET orderedlist of objects.The scheme for merging the objects is similar to the Snowmass Convention,and is, ET ij = ET i + ETj72



Chapter 6 6.2 Reconstruction of Jet�ij = ET i�i + ETj�jET ij'ij = ET i'i + ETj'jET ijTherefore the scheme assigns objects to jets in a well-prescribed manner, andas each quantity ET ;��;�� in the distance parameter is invariant under lon-gitudinal boosts, so the property of boost invariance of the jet �nding itself isretained.6.2.2 Jet reconstruction methodsThere are several di�erent jet reconstruction modes for running the KTCLUSalgorithm. To investigate the momentum balance between a photon and a jetsystem for the study of parton behaviour in the proton and photon, (see chap-ter 9.10) it is necessary to treat the jet as a strictly relativistic object. In otherwords, the jet algorithm has to be applied correctly to the four{momenta of thetrue �nal state hadrons or of the outgoing partons from a hard interaction. Thenit can be used in the calculations for intrinsic kT{sensitive kinematic variables.There are two di�erent recombination schemes of a jet. In the \energyscheme", the 4{momentum of a jet is the sum of the four momenta of the particlesin it. The jet is therefore massive. In the \pT scheme", the jet mass is normallyignored. To look at the di�erence between \energy"and \pT" in the recombina-tion scheme, both schemes were tested as a systematic check for jet �nding. (Seechapter 9.10 for details)In our analysis we used the \pT scheme" to get the jet ET properly and henceto correct the jet energy. However the momentum components of the objectscomprising the jet were summed to obtain the total momentum vector in orderto avoid any e�ects due to the Snowmass averaging. For greater accuracy jetswere then reconstructed using energy ow objects, Zufos [78], which combinesinformation from the calorimeter cells and tracks. The Zufos calculation matchestrack to calorimeter cell clusters and uses the track energy instead of that of thematched calorimeter cells when the track energy is better measured.6.2.3 Jet transverse energy correctionIn order to estimate the correction of the reconstructed jet transverse energy, the�jet, �jet and EjetT variables for the hadron and detector level jet in PYTHIA73



Chapter 6 6.2 Reconstruction of Jet

Figure 6.6: The correlation of the di�erence between detector and hadron level quan-tities with �, ' and EdetT shown for PYTHIA events. (a), (b), (c) �ET vs EdetT , �, ';(d), (e), (f) �� vs EdetT , �, '; (g), (h), (i) �' vs EdetT , �, '. The points show the meanof the distributions and the error on the mean.MC samples have been compared. The KTCLUS algorithm was applied in theinclusive mode, to the Zufos. Jets accompanying a photon were selected at bothhadron and detector level of;� 5 < ET < 10 GeV and �0:7 < � < 0:9EjetT;det > 3 GeV and �1:5 < �jet < 1:8� 5 < ET < 10 GeV and �0:7 < � < 0:9EjetT;had > 5 GeV and �1:5 < �jet < 1:8In this way the EjetT correction is obtained from events which are representativeof the �nal selection for the analysis. The detector level jets and hadron level jets74
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Figure 6.7: EhadT =EdetT in bins of EdetT �tted by a function EcorT (EdetT ; �det) =C(EdetT ; �det) �EdetT to obtain the jet energy correction functions from PYTHIA events.Points are plotted at the mean of the bin.are then matched in (�{�) space when�R(�; �) � q(�cal � �had)2 + (�cal � �had)2 (6.4)is a minimum and �R(�; �) is less than one.Once pairs of matched detector and hadron level jets have been found the dif-ferences in the angular and energy variables can be studied. Figure 6.6 show thecorrelation of the di�erence between �, � and ET for matching pairs of detectorand hadron level jets. The angular variables (�, �) are well correlated betweendetector and hadron level jets on �, � and ET with no systematic shift. No cor-rections are required for these angular variables. The �gure 6.6 (a){(c), however,75
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Figure 6.8: Correspondence between hadron and detector level �, ' and ET of jet.Resolutions for (a) �, (c) ' and (e) ET before jet energy correction. Resolutions for(b) �, (d) ' and (f) ET after jet energy correction.showed that the jet ET measured in the calorimeter is systematically lower thanthe true value, presumably due to the energy loss in dead material in front of thecalorimeter and in the FCAL{BCAL and RCAL{BCAL boundaries.Figures 6.8 (a), (c) and (e) show the resolution plots before the jet transverseenergy correction, indicating how well the quantities for hadron level jets arereproduced by the detector variables. Again it can be seen that the angularvariables � and � are well correlated between the detector and hadron level withno systematic shift and good resolution. The jet transverse energy, on the otherhand, shows a systematic shift as seen in �gure 6.7 (a){(c). The resolution forjet ET is about 16 %. Such a systematic shift on the detector level jet ET mustbe corrected to that of hadron level. 76
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Figure 6.9: The distribution of EhadT - EcorT (solid line) and EhadT - EdetT (dotted line).The ET correction procedure was applied for prompt photon MC (PYTHIA). The eightpro�le plots correspond to each bin of photon rapidity. The scale of ET is in GeV.Since the jet transverse energy varies with the jet pseudorapidity and jetenergy, correction factors to the measured jet transverse energies were evaluatedthrough the use of Monte Carlo event samples with the following form ;EcorT (EdetT ; �det) = C(EdetT ; �det) � EdetT (6.5)where EcorT is the corrected transverse energy of the jet.In Figure 6.7, EhadT /EdetT quantity is plotted as a function of EhadT in bins of jetpseudorapidity for matched detector and hadron level jets, where EhadT and TheEdetT refer to the jet ET at hadron and detector level respectively. For a given binin jet pseudorapidity, the distributions are �tted with a function of the form ;77
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Figure 6.10: The distribution of EhadT - EcorT (solid line) and EhadT - EdetT (dotted line).The ET correction procedure was applied for prompt photon MC (PYTHIA). The eightpro�le plots correspond to each bin of photon ET . The scale of ET is in GeV.C(EdetT ; �det) � A + exp(B + C �EdetT ) (6.6)Figure 6.7 also shows that reasonably good �ts to the distributions are ob-tained. This correction amounted typically to 1 GeV in the �1:5 < � < 1:8.The normalised distribution of EhadT {EdetT can be seen in �gure 6.9 and 6.10.It shows the jet ET resolution (a) before (thin line) and (b) after (thick line)application of the jet ET correction obtained in �gure 6.7. In �gure 6.9, theresolutions for each bin of jet pseudorapidity demonstrate how well the hadronlevel jet ET is reproduced by the corrected jet ET using the methods describedabove. The scale of jet ET is GeV. In addition, �gure 6.10 shows the same78
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Figure 6.11: The transverse energy correlations between photons and jets; (a) ET vshadron level EjetT , (b) ET vs detector level EjetT before EjetT correction and (c) ET vsdetector level EjetT after EjetT correction.distributions for each bin of jet ET . Due to the hadron level selection cut for ETof the jet (EjetT;had > 5 GeV), the distributions after the jet ET correction are notshown for the �rst two bins in EhadT .The transverse energy correlations between photons and jets are shown in�gure 6.11; (a) ET vs hadron level EjetT , (b) ET vs detector level EjetT beforeEjetT correction and (c) ET vs detector level EjetT after EjetT correction. Theseplots show that there is good correspondence between detector and hadron levelquantities after transverse energy corrections for both photons and jets.
79



Chapter 6 6.3 Online Event Selection6.3 Online Event SelectionThe ZEUS three{level trigger system [61] is used to select prompt photon can-didate events. Cuts applied on the di�erent levels of triggers are discussed inthis section. In particular the third{level trigger made use of a standard ZEUSelectron �nding algorithm to select prompt photon candidate with an electro-magnetic cluster of transverse energy ET > 4 GeV in the BCAL, with no furthertracking requirements at this stage. These represent the basic sample of promptphoton event candidates.6.3.1 First Level Trigger (FLT)Basically the prompt photon events are selected online by requiring an OR of theFLT slots 28, 40, 41, 42 and 43. The events with one good track and satisfyingone of four thresholds at the Calorimeter FLT (CFLT) were selected in the FLTlevel. The four CFLT thresholds are ;� BCAL EMC energy > 3.404 GeV� RCAL EMC energy > 2.032 GeV� Total EMC energy > 10.068 GeV� Total CAL energy > 14:968 GeVIn addition the timing information observed in the two C5 counters and SRTDis used to reject the beam{gas background. In order to reject further the back-ground events, only events with TrKclass > 2 were accepted. These are eventswith a relatively high ratio of vertex to total number of tracks. The exact valueof the ratio is dependent on the number of vertex and non-vertex tracks, butis approximately > 25{30 %. The tracking demand requires the event to haveat least one track found by the CTD{FLT coming from the nominal interactionregion, �50 cm < zvertex (CTD FLT) < 80 cm.6.3.2 Second Level Trigger (SLT)Events which pass the FLT selection proceed to the SLT , the so{called \HPPhigh{ET" trigger, designed for hard photoproduction events. The following SLTconditions are required ; 80
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Figure 6.12: SLT ET (box) and E�Pz distribution of prompt photon �nal candidates.� SLT global Veto requirements� �60 cm < zvertex (CTD SLT) < 60 cm� At least 1 vertex track� E � Pz > 8:0 GeV� ET (box) > 8:0 GeV� E � Pz > 12:0 GeV OR Pz=E < 0:95The ET (box) is de�ned as the sum of transverse energy on the calorimetercells, excluding the �rst ring around the FCAL beam pipe (outside a value ofabout � = 3). It reduces proton beam gas background. The SLT ET (box) andE�Pz distribution is shown in �gure 6.12 for the prompt photon �nal candidates.Since the samples already satisfy the ET (box) > 8GeV and E � Pz > 8GeVrequirements at SLT level, it can be expected the e�ciency of these requirementsis close to 100 %. MC study shows that the e�ciency of ET (box) > 8GeV andE � Pz > 8GeV are 100.0 % and 99.7 % for the o�ine analysis respectively.6.3.3 Third Level Trigger (TLT)At the TLT level, all HPP TLT �lters have the following common cuts.81



Chapter 6 6.4 O�ine Event Selection� �60 cm < zvertex < 60 cm� At least 1 vertex track� E � Pz < 75:0 GeV� Number of bad tracks < 6A bad track is de�ned if the following conditions are not met.{ PT � 0.2 GeV{ {3.13 < � < 1.75{ The number of hits used in CTD axial superlayers > 5{ The number of hits used in CTD stereo superlayers > 5{ z value at distance of closest approach � {75 cmTo select the prompt photon candidate events with an electromagnetic clusterwith ET > 4 GeV, the prompt photon trigger bit (HPP 16) is used.� PCALEconeT > 8:0 GeV, wherePCALEconeT is the sum of ET of all calorimetercells outside of 10� cone around FCAL beam pipe� ET > 4:0 GeV AND �3:0 < � < 1:5 by Elec5 electron �nderAt the �rst stage the event samples used were chosen from events passed by theDST prompt photon bit. The trigger required (1) the preliminary identi�cationof an electron or high ET photon using the track and calorimetry informationand (2) more than 8 GeV of summed ET in the calorimeter away from the beampipe. In addition, the trigger used for the photon + Jet analysis made use of theHPP dijet trigger in the TLT, which demanded two jets with EjetT � 4 GeV and�jet � 2:5.6.4 O�ine Event SelectionIn this section we describe the further event selection criteria applied o�ine toselect the prompt photon candidate events. The standard calorimeter rescalingfactors to the BCAL (5%) and RCAL (2.5%) have been applied. The noisesuppression routine, NOISE96, has been used to minimise the e�ect of uraniumand PMT noise in the ZEUS calorimeter. We have looked at the noise spectrafor 96/97 data. It is found that the EMC isolated cell distribution has goodagreement between data and MC, as in the previous studies for 95 data analysis.In both cases the MC has a little more noise than the data. Both procedureswere applied to the data before commencing the o�ine analysis of an event.82
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Figure 6.13: Distributions of (a) the z position of the vertex and (b) the missing pTPoints are for the data and histogram is for the PYTHIA prompt photon MC.6.4.1 Cleaning cutsAfter the three{level trigger �lter conditions, there is still some contaminationfrom non{ep collisions (beam{gas interactions, Cosmic radiation and halo muons)and deep inelastic neutral current interactions in the data sample. To removethese backgrounds, the following cuts are applied.� {50 cm < Zvertex < 40 cmFigure 6.13 (a) shows the reconstructed z position of the vertex for data (dot)and for PYTHIA MC (histogram). The simulated Zvertex distribution describesthe data well. In order to remove the remaining background due to beam{gasbackgrounds or cosmic rays, the above cut is applied on vertex position.� 6pT < 10 GeVThe missing pT (6pT ) is de�ned as the vector sum of the total calorimeter energydepositions. The distribution from data is shown in �gure 6.13 (b). Overlaid onthe data is the result from prompt photon MC (direct+resolved). The data arepeaked at zero with a tail extending to 25 GeV. The prompt photon MC eventslie almost exclusively in the 6pT < 10 GeV region.In the case of PMT sparks, Cosmic rays and the �nal state neutrino in acharged current DIS events (ep ! �X), these tend to have large 6 pT , while the83
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Figure 6.14: (a) Number of vertex �tted tracks and (b) the distribution of non{vertextracks to vertex tracks. Points are for the data and histogram is for the prompt photonMC.prompt photon events have small 6 pT since the ET of a photon is well balancedwith that of a jet. Therefore we have selected the events with 6 pT < 10 GeV toremove these backgrounds.� The ratio of non{vertex tracks to vertex tracks < 10The \vertex �tted tracks" and \non{vertex �tted tracks" means tracks whichare and are not associated to the primary vertex position respectively. The num-ber of tracks �tted to the vertex is shown in �gure 6.14 (a). A requirementof at least 3 vertex �tted tracks is made to remove wide angle bremsstrahlung(Compton) events of the kind ep! ep.Figure 6.14 (b) shows the ratio of vertex un�tted / �tted tracks. The promptphoton MC result (histogram) is overlaid on the data (dot). The beam{gasbackgrounds usually tend to have many tracks which do not come from a singleinteraction point. Therefore the data show a larger tail extending to 30 than theprompt photon MC.6.4.2 Isolated photon �nding methodsAn algorithm for �nding electromagnetic clusters was applied to the data, andevents were retained for the �nal analysis if (1) a photon candidate with ET > 584
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Figure 6.15: The �R distributions for (a) data and (b) prompt photon PYTHIAMonte Carlo.GeV was found in the BCAL region and (2) all cells in the cluster are those ofBCAL . The BCAL requirement restricts photon candidates to the approximatepseudorapidity range �0:7 < � < 0:9 in the ZEUS laboratory frame.� Track Isolation ConeA photon candidate was rejected if a reconstructed CTD track pointed within0.3 radians of an angle, �R, de�ned as ;�R = q(�cluster � �track)2 + (�cluster � �track)2The angle between the cluster and the track was de�ned at the inner measuredpoint of the vertex track in CTD. If any matching CTD track within a cone of�R = 0.3 radians around the cluster was found, that candidate was rejected.This removed almost all high-ET positrons and electrons, including the majorityof those that had su�ered hard radiation in the material between the interactionpoint and the BCAL, since the soft remaining positron track would still pointtowards the calorimeter cluster if taken at its inner measured point.Figure 6.15 shows the normalised distributions of �R for prompt photoncandidates in the (a) data (dots) as well as (b) prompt photon PYTHIA MC.The data peaks at a small value of �R compared to the prompt photon MC.Since there is still contamination from DIS events after the cleaning cut, most of85
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Figure 6.16: The �ET (around ) distributions for (a) data and (b) prompt photonPYTHIA Monte Carlo.clusters have a matching track as seen in �gure 6.15 (a). About 5 % of promptphotons convert in the detector into an e+e� pair. This feature is shown as peaksat �track near to zero in �gure 6.15 (b). Therefore the �R > 0.3 cut increasesthe signal to background ratio.� Energy Isolation ConeHigh ET photons can be emitted by radiation from a �nal state quark inQCD diagrams; the so{called \direct and resolved fragmentation processes" (See�gure 2.1 (c) and (d)). Such photons are likely to be found in or near jets. Inaddition, the neutral mesons such as �0 and � whose calorimeter signals resemblethose of photons are also formed in association with jets.To reduce such neutral meson backgrounds, an energy isolation cone wasimposed around the photon candidate: within a cone of unit radius in (�; �),the total ET from other particles was required not to exceed 0:1E T . This wascalculated by summing the ET in each calorimeter cell within the isolation cone.Additional contributions from the charged tracks were added to �ET assuminga track corresponds to a massless particle, when their directions were within thecone at the interaction point but were curved out at the calorimeter surface.�ET �XEcalo+tracksT < 0:1� ET (6.7)86



Chapter 6 6.4 O�ine Event SelectionThis energy isolation cone requirement greatly reduces backgrounds from dijetevents with part of one jet misidenti�ed as a single photon (�0; �, etc). In additionit removes most dijet events in which a high ET photon radiates from a �nal{statequark. A remainder of such events is included as part of the signal in the dataand the theoretical calculations.The �ET distributions of (a) the data and (b) the combined direct and re-solved prompt photon MC are shown in �gure 6.16. The data are peaked atzero with a tail extending to large value of �ET due to dijet backgrounds inwhich the photon candidate is part of a jet. The MC distribution is much lesssharply peaked at zero than the data distribution. The cut at 0.1 retains thelarge majority of prompt photon events.6.4.3 DIS event rejectionEvents with an identi�ed deep inelastic scattered (DIS) positron were removed bythe following means, restricting the acceptance of the present analysis to incomingphotons of virtuality Q2<�1 GeV2.� 0.15 < ymeas < 0.7The quantity ymeas = P(E � Pz)2Ee (6.8)was calculated, where the sum is over all calorimeter cells, E is the energy de-posited in the cell, and pZ = E cos �. When the outgoing positron is not detectedin the UCAL, ymeas is a measure of y = E; in=Ee, where E; in is the energy ofthe incident photon. In general most DIS events are to a good approximationcompletely contained within the ZEUS detector. Thus ymeas � 1.The usual requirement of 0:15 < ymeas < 0:7 on photoproduction analysiswas imposed. The lower cut removed some residual proton{gas backgroundsand cosmic ray backgrounds while the upper cut removed remaining DIS events,including any with a prompt photon candidate that was actually a misidenti�edDIS positron. In addition wide{angle Compton scattering events (ep ! ep)were also excluded by this cut (see details in next subsection).This range of accepted ymeas values corresponds approximately to the truey range 0:2 < y < 0:9, equivalent to a true centre-of-mass p energy range87
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(a) (b)
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Figure 6.17: (a) y measured using the 35 m tagger vs ymeas for events at �nal stagesof selection. (b) ln ymeas calculated for tagged events including the tagging electron.120 < W < 274 GeV. At the o�ine level, ymeas was re{evaluated using energy{ow objects, and was corrected for energy losses.Figure 6.17 (a) shows the good correlation between the value of y obtainedfrom the 35 m luminosity tagger (x{axis) and the value of ymeas (y{axis). Thisis for all tagged events in the �nal sample. The agreement is demonstrated in adi�erent way in �gure 6.17 (b). Here the tagging electron energy is included inthe calculation of ymeas. It shows a peak near unity in the logarithm distribution.The width of the peak due to the detector resolution should tell us what cut toimpose on ymeas to remove contained events. A cut at 0.7, ln(0:7) = {0.36 isfound to be indicated here as expected.� Remove event if there are any electromagnetic clusters with yel < 0:75except prompt photon candidatesFor events containing at least one scattered positron candidate, yel, de�nedas, yel � 1� ( E 0e2Ee )(1� cos �0e) (6.9)was calculated in order to reject remaining DIS events in the sample. It is cal-culated for each electromagnetic cluster found by Eexotic �nder using the en-ergy (E 0e) and angle of the cluster. If a cluster corresponds to the scattered88
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ZEUS 96/97 data

PYTHIA MC

Figure 6.18: The yel distributions of second electromagnetic cluster.positron, it tends to have a low value of yel. For photoproduction events in whichthe scattered positron escapes undetected down the beam pipe, yel tends to havea high value.The yel distribution for the data sample after trigger and cleaning cuts de-scribed above is shown in �gure 6.18. Overlayed on the data is the result fromthe prompt photon MC (direct+resolved). It is clear that the peak in the data athigh yel comes predominantly from photoproduction events. A cut of yel > 0.75for events containing an `electron' selects almost pure photoproduction eventswith a minimum of DIS background.6.4.4 QED Compton / PMT spark events rejectionQED Compton EventsAn elastic QED Compton event, e+ p! e+ p+ , has the radiative photon andthe scattered electron without any other particles in the �nal state. The followingrequirement was applied for the events which have two electromagnetic clusters.� E1+E2Total energy of the event < 0.95 if there are two electromagnetic clusters89
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Figure 6.19: Typical example of elastic QED Compton event, e+ p! e+ p+ . Theisolated  and e in the �nal state is clearly identi�ed in the uranium calorimeter andwell isolated.The quantity (E1 + E2) de�nes the energy sum of the �rst and second elec-tromagnetic clusters. It is found that QED Compton events show a clear peakaround a unit value of the above ratio. Figure 6.19 shows a typical example of anelastic QED Compton event. The isolated  and e in the �nal state are clearlyidenti�ed in the UCAL and well isolated.The QED Compton rejection algorithmQEDC [79] was also used to �nd QEDCompton events. The algorithm searches for 2 good electrons in the calorimeterusing the SirA95 electron �nder based on a neural network and requires themto be back{to{back, balanced in pT . The energy deposits in the calorimeter haveto be at least 90 % in the EMC.PMT Spark EventsAdditional cuts on the BCAL timing and the energy fraction of the electromag-netic cluster were applied to reject the events in which a PMT spark mimics aprompt photon signal. The typical example of PMT spark event in the ZEUSdetector is shown in �gure 6.20.Most of the PMT sparks are already removed by looking at the energy imbal-ance between two PMTs in NOISE96. In the case that one of the PMTs is dead,90
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Figure 6.20: Typical example of PMT spark event at ZEUS detector.however, the energy imbalance cannot be estimated. The BCAL timing and theenergy fraction of the electromagnetic cluster were used to reject the PMT sparkevents.� �10 < BCAL timing < 10 nsThe BCAL timing from data is shown in �gure 6.21 and compared to promptphoton MC, which are peaked at the centre without a tail. The small tail in thetiming distribution of data is from the non{physics events, such as PMT sparksand cosmic rays, while the real physics events originated in the electron{protoninteraction show timing which concentrate on around 0 ns.� When one PMT of the most energetic cell in a cluster was dead, the clustershould be made from more than one cell.The ratio of the energy deposited in one cell to the total energy of the clusteris also used to classify the PMT spark which makes a cluster by only one cell.After applying the above conditions, 2 events in the 1996 data and 10 events inthe 1997 data were removed by the cut.91
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Figure 6.21: The distribution of BCAL timing.6.5 Summary of Event SelectionsIn summary, at detector level after all the online and o�ine selection criteria de-scribed in this chapter, approximately 6000 prompt photon candidate events withE T > 5 GeV in the region of pseudorapidity range �0:7 < � < 0:9 remained.Details of the events obtained after selection are given below. These events areused in the physics analysis.6.5.1 Inclusive Prompt Photon SampleFigure 6.22 shows the distributions of �nal prompt photon candidates after se-lection cuts on data for both the inclusive and the photon + jet events ; (a) ET ,(b) pseudorapidity, (c) azimuth and (d) ymeas of prompt photon candidates.6.5.2 Prompt Photon + jet SampleFor jet identi�cation, the longitudinally invariant KT clustering algorithm, KT-CLUS, was used in the inclusive mode. Correction factors to the measured jetenergies were evaluated through the use of Monte Carlo event samples, and were92



Chapter 6 6.5 Summary of Event Selectionstypically 1.05{1.10 for the jet, as discussed in section 6.2. After correction, ex-cluding the prompt photon itself, jets were required to have Ej etT > 5 GeV and�1:5 < �j et < 1:8. If more than one such jet was found in an event, that withthe highest transverse energy was used in the analysis. About 40% of inclusiveprompt photon candidates in the BCAL have an accompanying jet. This is shownin �gure 6.22.The jet distributions of photon + jet candidates, EjetT , �jet, �jet and x , wherex is the fraction of the incident photon energy that contributes to the resolvedQCD subprocesses (see details in chapter 9.2.1), are also shown in �gure 6.23.
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Figure 6.22: Distributions of �nal prompt photon candidates after selection cuts ondata for both the inclusive and the photon + jet events ; (a) transverse energy, (b)pseudorapidity, (c) azimuth angle and (d) ymeas of prompt photon candidates. Theinclusive events are shown by black circles and the white circles represent the events ofthe photon + jet sample.
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Figure 6.23: Jet distributions of �nal sample after selection cuts on data for photon+ jet events ; (a) transverse energy, (b) pseudorapidity and (c) azimuth angle of jetcandidates accompanied by balancing photon, (d) x of prompt photon candidate eventsbefore background subtraction.
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Chapter 7Evaluation of the Photon Signal
In this chapter we describe the separation of the photon signal from the back-ground. After the event selection procedure, as discussed in chapter 6, the �nalsample of prompt photon candidates consists of true high{ET photons and alsoa remaining �0 and � meson background. The shower shape variables used todiscriminate between photons and neutral mesons are discussed in this chapter.The neutral meson background is statistically subtracted by �tting the measuredshower shape quantities in the data with Monte Carlo shower shape distributions.The result of the background subtraction procedure for the kinematical vari-ables is compared to LO Monte Carlo prediction.7.1 Characteristics of Neutral MesonsA number of neutral mesons decay into multi{photon �nal states. Typically most�0 mesons decay into two photons and � mesons decay ultimately into two or morephotons in its neutral modes which have a 71.6 � 0:4 % decay probability in thefull set of � meson decay channels. The relevant decay modes and branchingratios for these neutral mesons are as follows [80].�0 !  (98.798 � 0:032 %)� !  (39.33 � 0:25 %)� ! �0�0�0 (32.24 � 0:29 %)
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+Z

φ

20 cm

5 cmFigure 7.1: Layout of the BEMC cells. Each rectangle represents a calorimeter cell,while the shaded areas denote energy deposits from a photon.When a �0 meson decays into the two photon �nal state, the opening angle,�, of the two photons with energies E1 and (E�0 � E1) resulting from the decayof a �0 with energy E�0 is given by� = 2 � sin�1 24 m�02 �qE1(E�0 � E1)35 (7.1)where m�0 is the mass of the �0 meson. It has a minimum value if each photonfrom the �0 meson decay has the same energy.To look at the relationship between the transverse EM shower developmentof the neutral mesons and the general granularity of the calorimeter cells, theminimum distance, �M , between two photons from the �0 decay at the BEMCsurface is introduced and is given by the following equation from the geometry.
�M = 2� 123:2sin ��0 � tan "sin�1  m�0 � sin ��0E�0T !#� 246:4� m�0E�0T [cm] (7.2)
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Chapter 7 7.2 Identi�cation of Photon SignalAccording to equation 7.2 the �M in the BCAL between the photons from adecaying 5{10 GeV �0 is 6.7{3.3 cm. For a decaying 5{10 GeV � meson, �M isfrom 27.2 to 13.5 cm.Figure 7.1 shows the geometry of the BEMC cells in the Z direction, 5 �20 cm. Each rectangle represents a calorimeter cell, while the shaded area denotesenergy deposits. We can use the shower shape information to see the di�erentpattern of energy deposition between photons and neutral mesons such as �0 and� mesons.However it is not possible to distinguish photons and �0 and � mesons onan event{by{event basis because all the decay products of a neutral meson aresometimes contained within a single BEMC cell. Therefore the evaluation of thephoton signals from neutral meson backgrounds is done statistically.7.2 Identi�cation of Photon SignalAs mentioned above, a typical high-ET photon candidate in the BEMC consistsof a cluster of 4{5 cells selected by the electron �nder. On average the �0 and �mesons have a larger shower width in the BEMC because they dominantly decayinto multi{photon �nal states. To utilize the di�erence of shower developmentin the calorimeter between photon and neutral mesons, two topological showershape quantities were studied in order to reject events in which a neutral mesongives a photon candidate, and to enable the further step, the background sub-traction procedure. These were (i) the energy weighted mean width <�Z> of theBEMC cluster in Z direction and (ii) the fraction fmax of the cluster energy foundin the most energetic cell in the BEMC cluster. The quantity <�Z> is de�ned ash�Zi = PEcelljZcell � ZjPEcell (7.3)summing over the cells in the cluster, where Z is the energy-weighted mean Zvalue of the cells. The <�Z> is expressed in units of the BEMC cell width in theZ direction, (i.e. <�Z> = 1 = 5 cm, see �gure 7.1.)Another quantity fmax is de�ned asfmax = Energy in the most energetic cell in the clusterTotal energy of the cluster (7.4)98



Chapter 7 7.2 Identi�cation of Photon Signal
ZEUS 1996-97

0

100

200

300

400

500

0 0.5 1 1.5 2<δZ>    

E
ve

nt
s

ZEUS DATA
η background
π0 + η background
Fitted π0 + η + γ

Figure 7.2: Distribution of mean width of cluster<�Z> for the �nal selection of promptphoton candidate events in the inclusive analysis. The plotted unit is the BEMC blockwidth (5.45 cm). Also plotted are �tted Monte Carlo curves ; Points = data; dashed= MC (�); doted = MC (� + �0); dotted-dashed = MC (� + �0 + ).Figure 7.2 shows the distribution of <�Z> for the inclusive prompt photondata, with the �nally selected sample of photon candidates, and the Monte Carlosamples of single , �0s and � mesons, which were generated in the ET range 3{20GeV with a similar kinematic requirement to the experimental prompt photoncandidates. A zero value in <�Z> means the entire energy is in one calorimetercell. The peak at 0.5 comes mainly when the energy is distributed in about twocells. The experimental data were �tted to a sum of the three single particle MCdistributions.The �gure shows two peaks at low values of <�Z> which are identi�ed withphotons and �0 mesons, respectively. The photon contribution is peaked at lowvalues of <�Z> and that of �0 is peaked at rather higher value around 0.5, whilethe distribution of <�Z> contains a tail at higher value of BEMC cell width.This tail quanti�ed the � meson background for the higher mass and multipledecay modes. Events with <�Z> > 0:65 were removed from the subsequentanalysis because there are only few photons and �0s candidates in this region.The remaining candidates after the cut on <�Z> at 0.65 are taken to consist ofgenuine high ET photons, �0 mesons and a small admixture of � mesons.Figure 7.3 shows the distribution of <�Z> for the event sample with a promptphoton candidates accompanied by a jet. Also shown is the good agreement99
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Figure 7.3: Distribution of mean width of cluster <�Z> for the �nal selection ofprompt photon candidate events in the photon + jet analysis. The plotted unit is theBEMC block width (5.45 cm). Also plotted are �tted Monte Carlo curves ; Points =data; dashed = MC (�); doted = MC (� + �0); dotted-dashed = MC (� + �0 + ).between data and �tted MC prediction (solid{line). The displacement of thephoton peak from the MC <�Z> distribution does not a�ect the present analysisand the poor �t in the region 0.6{1.0 is taken into account in the systematic errors.In general, it is assumed to have similar properties to the �0 and � contributions.7.3 Correction of MC fmax DistributionsFigure 7.4 shows the distribution of fmax, the fraction of the photon candidateenergy in the BEMC cell with maximum energy, for inclusive photon candidates.The MC curves are taken from a combined �t of the portion of �gure 7.2 for the<�Z> < 0:65 condition to a sum of the single particle MC samples. In both thedata and the single particle MCs, events with <�Z> < 0:65 have been removed.All single particle MC fmax distributions were then scaled by a factor in fmax toget the positions of the peaks to match. The scaling factor here is 1.025 � 0.05which is estimated from DIS positron data and MC, and those of prompt photon.In �gure 7.4, however, such a simple constant correction applied to all MC fmaxdistributions is not good enough to �t to the data. A small rapidity{dependentdiscrepancy was found to exist between the experimental fmax distribution and100
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Figure 7.4: Distribution of fmax for prompt photon candidates in selected events, aftercutting on <�Z>. Also plotted are �tted Monte Carlo curves for photons, �0 and �mesons with similar selection cuts as for the observed photon candidates. Points =data; dashed = MC (�); doted = MC (� + �0); dotted-dashed = MC (� + �0 + ).those given by the single{particle MC simulations. This discrepancy di�ered forphotons and for neutral mesons. It was also found that the shower shapes ofthe data become narrower than those of the MC at the central region of BCALand become broader than the MC at the edge of the BCAL region. Thereforecorrection factors which describe the rapidity dependence of the fmax variable areneeded.The simple scaling correction leads approximately to a 20% systematic e�ecton the hadron level cross section. To reduce such a systematic e�ect, we haveexamined several fmax correction formulas with various values of fmax correctionfactor �, where � is estimated by (1) DIS e+ data/MC samples, (2) promptphoton data/MC samples, (3) neutral mesons in �� enriched MC samples and(4) �0 + � anti{isolation background from neutral current (NC) samples.From a comparison of such data with the simulations using the various correc-tion schemes, rapidity{dependent correction factors in the range 0.95{1.05 wereapplied to the MC fmax distribution for the di�erent types of single particle. Thebest fmax correction factor was found using a chi{squared method. In the nexttwo sub{sections we present the study of the MC fmax correction methods forphotons and for �0 / � mesons, respectively.101



Chapter 7 7.3 Correction of MC fmax Distributions7.3.1 Correction of the photon fmax in MCAs mentioned above, a separation of the photon signal from the mesonic back-ground largely depends on the MC simulation of shower shapes in the EM clusters.In this sub{section the correction method for the photon fmax distribution is pre-sented using (1) photon candidate samples with allowance made for the neutralmeson components and (2) experimental DIS e+ data and MC samples.� Shower shape study using prompt photon candidatesIn order to estimate the di�erence of the fmax distributions between the dataand the sum of single particle MCs, the single photon MC fmax distributions werescaled by a factor which is varied from 0.95 to 1.10 as in the following formula.f cormax = fmax � factor (7.5)A total of 61 single photon MC f cormax distributions were taken. The promptphoton candidate events were then �tted to a sum of the three MC distributions.To evaluate the optimum value of the fmax factor, a minimum{�2 calculation wasperformed for each psedorapidity bin by the following de�nition ;�2 = 20Xi=1 (N idata �N iMC)2�idata2 + �iMC2 (7.6)where i denotes the bins of the fmax distributions.Figure 7.5 shows the �2 distributions from prompt photon candidates as afunction of fmax factor for each rapidity bin of photon ((a) � (h)). All �2 dis-tributions show a reasonable shape and a second order polynomial �t to each �2point was used to �nd the best fmax factor. The number of degree of freedom inthe �2 �t is nine.As seen in �gure 7.7 the best correction factor estimated from such procedure(black upper triangles) shows that it tends to be larger in the region of centralrapidity and to be smaller at the edge of the BCAL region. It con�rms thatthere is a rapidity dependence in the photon fmax distribution, and the e�ect was�nally taken into account in the modelling of the photon shower shape.The same procedure was repeated to look at the ET dependence and it wasfound that there is no such behaviour as a function of photon transverse energies.The estimated fmax correction factors were within the range from 1.02 to 1.03.These values corresponds to the average value of the rapidity{dependent factors.102
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Figure 7.5: The �2 distributions from prompt photon candidates as a function of fmaxfactor in each bin of photon pseudorapidity; (a){(h).� Shower shape study using DIS e+ samplesOne advantage of using the DIS e+ sample in order to estimate the fmax factorof the photon is the existence of enough statistics. Ideally we need to look at thebehaviour of the photon shower shape using photon signals, but the shower shapebehaviour from the DIS e+ data and the MC samples look very similar to thoseof photons.The same procedure as for the prompt photon sample was repeated for theDIS e+ data and MC. The values of �2 were estimated in the same way as inthe previous study. This can be seen in the �gure 7.6 and �gure 7.7 (black lowertriangles). The errors are estimated from the points with (smallest �2 + 1).� Tuning of photon fmax distributionAs seen in �gure 7.7, there is a small di�erence between two samples. Itmay be due to the di�erence between the photon and e+ shower shape in the EM103
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Chapter 7 7.3 Correction of MC fmax DistributionsIt was found that there is no sensitivity to distinguish whether the �0 and �meson backgrounds need a di�erent fmax correction factor. Therefore the samefmax correction factor was used for the �0 and � meson MC samples. To estimatethe correction factor of �0 and � meson fmax distributions, �nally, the followingformula was applied into �0 enriched samples, which takes into account the char-acteristics of neutral meson decay, as described in section 7.1. The equation 7.9 is,therefore, di�erent from those of single photon fmax distribution, equation 7.7. Inparticular the correction is not applied to the calorimeter cluster with fmax � 0:4.f cormax = fmax + 1:8� (�1 � 1)fmax � 0:4 (7.9)The minimum values of �2 for each rapidity bins were estimated by the sameway as described in the equation 7.6. The �1 obtained by a parabola �t is asfollows. �1 = (�0:047 � �2) + 1:01� 0:014 (7.10)The uncertainty due to the resulting �t procedure is estimated to be � 0:014from the root mean square deviations of the sample. As a cross check the �0 +� anti{isolation background sample was tested as well.7.3.3 Corrected fmax distributionsAs described above, the fmax distribution of the three single particle MC sampleswas corrected in order to reproduce the shape of data. The results are given in�gure 7.8 (for the inclusive photon sample) and 7.9 (for photon + jet sample).Only events which have <�Z> < 0:65 are considered. The data were �tted toa sum of single particle MC distributions and has a peak at high value of fmax,corresponding to an energy deposit with a narrow shower width. One can see thatthe � and �0 fmax distributions are similar in shape, whereas the photon fmaxdistribution has a sharp peak above 0.75. The �t to the experimental fmax distri-bution is good, and above 0.75 the data are dominated by a substantial photoncomponent. A clean photon contribution can be seen in the fmax distribution asa peak near 0.9. Furthermore the corrected MC fmax distributions shows a better�t to the data than using a simple constant correction as shown in �gure 7.4.For the cross section measurements of inclusive prompt photons, the <�Z>and fmax distributions are presented in 8 di�erent regions of the pseudorapidityof the photons and in 6 di�erent regions of the transverse energy of the photons.The results are plotted in the �gure 7.10 and �gure 7.11. The �t results indicate106
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Figure 7.8: Distribution of fmax for prompt photon candidates in selected events(inclusive sample), after cutting on <�Z>. Also plotted are �tted Monte Carlo curvesfor photons, �0 and � mesons with similar selection cuts as for the observed photoncandidates. Samples with fmax > 0:75 and fmax < 0:75 are enriched in the photonsignal and in the meson background, respectively.
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Figure 7.9: Distribution of fmax for prompt photon candidates in selected events(photon + jet sample), after cutting on <�Z>. Also plotted are �tted Monte Carlocurves for photons, �0 and � mesons with similar selection cuts as for the observedphoton candidates. Samples with fmax > 0:75 and fmax < 0:75 are enriched in thephoton signal and in the meson background, respectively.107
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Figure 7.10: The <�Z> and fmax distributions of the �nal prompt photon candidatesfor the inclusive prompt photon analysis. The distributions are �tted by using singleparticle MCs. Plotted are �tted MC curves ; Points = ZEUS 96+97 data ; dashed =MC (�) ; dotted = MC (�+�0) ; dotted-dashed = MC (�+�0+). The pseudorapidityranges are from �0:7 < � < �0:5 ; (topleft) to 0:7 < � < 0:9 ; (bottomright).
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Figure 7.11: The <�Z> and fmax distributions of the �nal prompt photon candidatesfor the inclusive prompt photon analysis. The distributions are �tted by using singleparticle MCs. Plotted are �tted MC curves ; Points = ZEUS 96+97 data ; dashed =MC (�) ; dotted = MC (� + �0) ; dotted-dashed = MC (� + �0 + ). The ET rangesare from 5 < ET < 6 GeV ; (topleft) to 10 < ET < 11 GeV ; (bottomright).108
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Chapter 7 7.5 Inclusive Prompt Photon Signalsin �gure 7.13 (b) the single photon MC events show little ET dependence up to� 15 GeV. On the other hand, the single �0 + � MC events show signi�cantET dependence. The showers of �0 and � mesons become narrower at higherET . This means the separation power between photons and neutral mesons isreduced in the high ET region. This is because more multi{photon clusters whichtend to have smaller fmax values can survive the <�Z> cut at higher ET region.The ratio N�=(N�0 + N�) is evaluated from the results of the <�Z> �t for eachdistribution and the obtained ratio is about 0.25 with a uctuation of � 0.10 foreach � and ET bins. In the analysis, the ET range is restricted up to 15 GeV.In the � analysis, the ET range is restricted up to 10 GeV.7.5 Inclusive Prompt Photon SignalsThe signals and backgrounds from the inclusive prompt photon sample are calcu-lated in each bin of any quantity of interest. The results of the signal/backgroundseparation procedure are shown in �gure 7.14. The quantities plotted are detector{level distributions and are for (a){(b) photon pseudorapidity, �, and (c){(d)photon transverse energy, ET . Both signal and background distributions are ofsimilar magnitude in each bins of � and ET .7.6 Prompt Photon + Jet SignalsThe signals and backgrounds from the prompt photon + jet sample are alsocalculated in each bin of any quantity of interest. The results from the sig-nal/background separation procedure are shown in �gure 7.15 and �gure 7.16and the values for the separation variables (i.e. ngood, npoor, �, �, nsig and nbgd)are listed in table 7.1 and 7.2. The quantities plotted are detector{level distribu-tions, and are x in �gure 7.15 and (a){(b) photon pseudorapidity, �, and (c){(d)photon transverse energy, ET , in �gure 7.16. Here the x is the fraction of theincident photon energy that contributes to the resolved QCD subprocesses andis described in detail in chapter 9.2.1. In �gure 7.16, both signal and backgrounddistributions were found to be of a similar shape to those in �gure 7.14.In particular the events with xmeas > 0:9 are predominantly from direct photo-production processes, and the restriction to high xmeas also minimises the e�ectsof hard gluon radiation from the recoil quark. Therefore the signal distributionin �gure 7.15 (a) shows a pronounced peak at high xmeas values, while the back-ground distribution in �gure 7.15 (b) peaks at a lower value.111
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Chapter 7 7.6 Prompt Photon + Jet Signalsx Ngood Npoor � � Nsignal Nbgd[0:0; 0:1] 0.0 0.0 0.0 0.0 0.0 � 0.0 0.0 � 0.0[0:1; 0:2] 9 2 0.76 0.41 13.0 � 5.4 -2.0 � 3.7[0:2; 0:3] 15 11 0.77 0.40 12.6 � 7.4 13.4 � 7.4[0:3; 0:4] 37 27 0.78 0.40 30.2 � 11.1 33.8 � 11.3[0:4; 0:5] 55 31 0.78 0.40 54.6 � 13.3 31.4 � 12.4[0:5; 0:6] 67 48 0.78 0.40 55.3 � 14.7 59.7 � 14.8[0:6; 0:7] 76 64 0.78 0.40 52.0 � 16.0 88.0 � 17.1[0:7; 0:8] 149 123 0.78 0.40 105.1 � 22.4 166.9 � 23.8[0:8; 0:9] 184 138 0.79 0.40 143.2 � 24.4 178.8 � 25.1[0:9; 1:0] 109 44 0.79 0.40 123.5 � 17.6 29.5 � 14.7Table 7.1: The results of the signal/background separation in each x bin ; Ngood; Npoorare subsamples consisting of events with fmax � 0:75 and fmax < 0:75. Nsig; Nbgd arenumbers of signal and background in x bin. The coe�cients �; � are the probabilitiesthat a signal, background event will end up in the good subsample.� Ngood Npoor � � Nsignal Nbgd[�0:7;�0:5] 93 53 0.80 0.40 86.3 � 16.3 59.7 � 15.5[�0:5;�0:3] 102 81 0.77 0.38 84.2 � 18.4 98.8 � 18.8[�0:3;�0:1] 120 84 0.80 0.39 99.1 � 18.8 104.9 � 19.0[�0:1;+0:1] 107 68 0.79 0.41 92.2 � 18.2 82.8 � 18.0[+0:1;+0:3] 93 63 0.81 0.42 70.4 � 17.1 85.6 � 17.45[+0:3;+0:5] 82 63 0.79 0.37 67.4 � 15.4 77.6 � 15.8[+0:5;+0:7] 64 33 0.76 0.44 66.7 � 15.8 30.3 � 14.6[+0:7;+0:9] 40 43 0.71 0.42 19.0 � 15.7 64.0 � 17.1Table 7.2: The results of the signal/background separation in each � bin ; Ngood; Npoorare subsamples consisting of events with fmax � 0:75 and fmax < 0:75. Nsig; Nbgd arenumbers of signal and background in � bin. The coe�cients �; � are the probabilitiesthat a signal, background event will end up in the good subsample.p? Ngood Npoor � � Nsignal Nbgd[0:0; 1:0] 326 211 0.78 0.40 289.3 � 32.1 247.7 � 31.4[1:0; 2:0] 243 152 0.78 0.40 223.2 � 27.8 171.8 � 26.9[2:0; 3:0] 146 113 0.78 0.40 111.0 � 22.0 148.0 � 22.8[3:0; 4:0] 91 87 0.79 0.40 51.5 � 17.8 126.5 � 19.8[4:0; 5:0] 70 54 0.78 0.40 53.2 � 15.4 70.8 � 15.9Table 7.3: The results of the signal/background separation in each p? bin ; Ngood; Npoorare subsamples consisting of events with fmax � 0:75 and fmax < 0:75. Nsig; Nbgd arenumbers of signal and background in p? bin. The coe�cients �; � are the probabilitiesthat a signal, background event will end up in the good subsample.115



Chapter 7 7.6 Prompt Photon + Jet Signalspk Ngood Npoor � � Nsignal Nbgd[�9:0;�0:7] 5.5 7.0 0.78 0.40 1.2 � 4.6 11.3 � 5.6[�0:7;�0:5] 13.0 8.5 0.79 0.40 11.4 � 6.4 10.1 � 6.3[�0:5;�0:3] 33.5 29.0 0.79 0.401 22.0 � 10.6 40.6 � 11.5[�0:3;�0:1] 77.5 60.5 0.78 0.40 58.4 � 16.0 79.6 � 16.7[�0:1;+0:1] 950.0 43.5 0.78 0.40 103.2 � 16.8 35.3 � 14.6[+0:1;+0:3] 41.5 27.0 0.78 0.41 36.3 � 11.7 31.8 � 11.5[+0:3;+0:5] 9.5 4.0 0.78 0.40 10.7 � 5.3 2.8 � 4.5Table 7.4: The results of the signal/background separation in each pk bin ; Ngood; Npoorare subsamples consisting of events with fmax � 0:75 and fmax < 0:75. Nsig; Nbgd arenumbers of signal and background in pk bin. The coe�cients �; � are the probabilitiesthat a signal, background event will end up in the good subsample.QT Ngood Npoor � � Nsignal Nbgd[0:0; 0:5] 40.0 8.0 0.78 0.40 54.4 � 10.4 -6.4 � 6.9[0:5; 1:5] 96.0 51.0 0.78 0.40 97.1 � 17.1 49.9 � 15.7[1:5; 3:5] 125.5 78.0 0.78 0.40 114.8 � 19.9 88.7 � 19.2[3:5; 6:0] 48.4 40.8 0.78 0.40 33.2 � 12.8 56.0 � 13.7[6:0; 9:0] 15.1 11.4 0.79 0.40 11.67� 7.0 14.9 � 7.3[9:0; 15:] 4.7 3.1 0.78 0.40 4.2 � 3.8 3.6 � 3.8Table 7.5: The results of the signal/background separation in each QT bin ;Ngood; Npoor are subsamples consisting of events with fmax � 0:75 and fmax < 0:75.Nsig; Nbgd are numbers of signal and background in QT bin. The coe�cients �; � arethe probabilities that a signal, background event will end up in the good subsample.�� Ngood Npoor � � Nsignal Nbgd[100; 120] 19.0 16.0 0.78 0.40 13.0 � 8.1 22.0 � 8.6[120; 140] 41.5 28.0 0.78 0.40 35.8 � 11.5 33.7 � 11.4[140; 160] 105.0 91.0 0.78 0.40 69.4 � 19.0 126.7 � 20.4[160; 170] 248.0 154.0 0.78 0.40 228.5 � 28.0 173.5 � 27.0[170; 180] 380.0 232.0 0.78 0.40 336.7 � 34.2 265.3 � 33.1Table 7.6: The results of the signal/background separation in each �� bin ;Ngood; Npoor are subsamples consisting of events with fmax � 0:75 and fmax < 0:75.Nsig; Nbgd are numbers of signal and background in �� bin. The coe�cients �; � arethe probabilities that a signal, background event will end up in the good subsample.116
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Figure 7.17: The signal and background distributions of kinematic quantities observedin prompt photon production at ZEUS. The quantities plotted are calculated in theplane transverse to the beam direction and are: (a) perpendicular momentum compo-nent of the photon relative to the axis of the jet, (b) longitudinal momentum imbalance(photon{jet) along the axis of the jet, (c) absolute momentum component of the photonrelative to that of the jet, (d) di�erence in azimuthal angle between the photon and jetdirections.
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Chapter 8Cross section Measurement ofInclusive Prompt Photons
The photoproduction of isolated prompt photons within the kinematic range0:2 < y < 0:9, equivalent to incident p centre-of-mass energies W of 134{285GeV, has been measured in the ZEUS detector at HERA, using an integratedluminosity of 38.4 pb�1. Inclusive cross sections for p !  + X are presentedas a function of E T for the photoproduction of isolated prompt photons in thepseudorapidity range �0:7 < � < 0:9, and as a function of � for photons with5 < E T < 10 GeV. The latter results are given for the full y range and three par-tial ranges. The systematic uncertainties are discussed. Comparisons are madewith predictions from Monte Carlo models containing leading-logarithm partonshowers, and with next{to{leading{order QCD calculations, using currently avail-able parameterisations of the photon structure.8.1 Hadron Level Kinematic RegionIn order to compare the data with theoretical calculations, the number of eventsmeasured at the detector level should be corrected back to the hadron level quan-tity. Hadron level cross sections for the inclusive prompt photon in hard photo-production are measured within the following kinematic ranges.� 5 < ET < 15 GeV and �0:7 < � < 0:9 for d�=dET5 < ET < 10 GeV and �0:7 < � < 0:9 for d�=d�� PEcalo+tracksT < 0:1� ET� 0:2 < y < 0:9 119



Chapter 8 8.2 Corrected DataIn addition the virtuality of the incident photon is restricted to the rangeQ2<�1 GeV2, with a median value of approximately 10�3 GeV2.8.2 Corrected DataIn this section we present a study of a procedure based on Monte Carlo eventswhich is able to correct measured ZEUS data to the hadron level. The PYTHIA 5.7and HERWIG 5.9 MC samples described in chapter 5 were used. A bin{by{bincorrection method was applied to the detector{level measurements, in the speci-�ed kinematic intervals calculated in terms of the �nal state hadron system.8.2.1 E�ciencies and PuritiesThere are two steps in measuring the cross section corrected to the hadron level.The correction of photon transverse energies and other quantities which give goodcorrespondence between detector and hadron level was discussed in chapter 6.The next step, presented in this sub{section, is the correction for the detectoracceptance to the events to be measured.The bin e�ciency, de�ned as,E�ciency (i) = # of Event generated & reconstructed in a bin (i)# of Event generated in a bin (i) (8.1)is of interest since it gives the fraction of `true' hadron level events which arereconstructed at detector level in the same bin. The higher the e�ciency, thegreater the fraction of hadron level events which are measured by the experimentin the same bin of the distribution. This minimises the extrapolation of themeasurement into unmeasured regions.The bin purity is de�ned as,Purity (i) = # of Event generated & reconstructed in a bin (i)# of Event reconstructed in a bin (i) (8.2)and gives the fraction of the events reconstructed experimentally which actuallyhave a corresponding `true' hadron level event in the same bin of the distribution.High purities indicate that the contamination of the sample from events migratingfrom other bins is small. 120
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(a)

PYTHIA 5.7
0.2 < y < 0.9

(b)

0.2 < y < 0.9

(c)

0.2 < y < 0.9

(d)

0.2 < y < 0.9

Figure 8.1: (a) e�ciency and (c) purity for PYTHIA events as a function of � . (b)e�ciency and (d) purity for PYTHIA events as a function of E TFigure 8.1 shows the e�ciency and purity as a function of � and E T forevents passing the inclusive photon event selection detailed above. The e�ciencyvaries between 45% and 60% in � bins, and 20% and 45% in E T bins, beinglower at high E T . The purity is around 70% in (c) � bins and and 45% and 60%in (d) E T bins. The main reason for the loss of the purity and e�ciency comesfrom the smearing of the E T measurement. Smaller e�ciency at forward regionis due to the ymeas cut.The same quantities for events with restricted y ranges are also shown in �g-ure 8.2. The e�ciencies in the three partial y ranges are around 45%. The puritiesare around 50% in the lower y range ((d) : 0:2 < y < 0:32), and approximatelyat in the higher y ranges ((e),(f)) and around 60%.8.2.2 Correction factorsA measured distribution can be corrected from detector to hadron level by apply-ing the MC based bin{by{bin method provided that the MC describes the dataand can account for migrations between bins.The combination of the e�ciency and purity gives the correction factor to121



Chapter 8 8.2 Corrected Data
(a)

0.2 < y < 0.32

(b)

0.32 < y < 0.5

(c)

0.5 < y < 0.9

(d)

0.2 < y < 0.32

(e)

0.32 < y < 0.5

(f)

0.5 < y < 0.9

Figure 8.2: E�ciency and purity for PYTHIA events as a function of � . The plotsare for the three partial y (ymeas) ranges ; (a),(d) 0.2 < y < 0.32 (0.15 < ymeas < 0.25),(b),(e) 0.32 < y < 0.5 (0.24 < ymeas < 0.4) and (c),(f) 0.5 < y < 0.9 (0.4 < ymeas <0.7). The corresponding W ranges are 134{170 GeV, 170{212 GeV and 212{285 GeV.
122



Chapter 8 8.3 Study of Systematic Uncertaintiescompensate for the detector acceptance. The relation between the purity, e�-ciency and correction factor is de�ned as ;Acceptance correction factor (i) = Purity (i)E�ciency (i) (8.3)Figure 8.3 shows the correction factors which should be applied to the datadistributions to obtain hadron level cross sections. The correction factor for theinclusive prompt photon � distribution is within the range between 1.2 to 1.4 (see(a)). Also plotted in (c) � (e) are the correction factors as a function of � foreach restricted y range. The correction factors for � vary for the most partbetween 1.1{1.4 except in the lowest bin of (c) and the highest bin of (d),(e).The correction factors for E T are also relatively at except in the higher E Tregions (above 11 GeV) and around 1.2.8.2.3 Cross{section CalculationThe di�erential cross sections for the inclusive prompt photon production as afunction of E T and � were obtained by a bin{by{bin correction method accordingto the formulae ; d�d� = N(�) � C(�)�(�) � R L dt (8.4)d�dE T = N(E T ) � C(E T )�(E T ) � R L dt (8.5)where N(�) and N(E T ) are the number of events measured in � and E T binrespectively. The terms C(�) and C(E T ) are multiplicative factors to correct fordetector acceptance, R L dt = 38.4 pb�1 is the integrated luminosity of the dataanalysed. The �(�) and �(E T ) comes from dividing by bin{width.8.3 Study of Systematic UncertaintiesThe systematic uncertainty in the cross section measurement was studied by mak-ing changes in the event selection and data correction procedures. The sources ofsystematic uncertainties were grouped into the following categories; calorimeterenergy scale, modelling of the shower shape, �=(� + �0) ratio, kinematic cuts,model dependence of detector corrections. For each check, the full analysis was123



Chapter 8 8.3 Study of Systematic Uncertainties
(a)

PYTHIA 5.7

0.2 < y < 0.9
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0.2 < y < 0.9
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0.32 < y < 0.5
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Figure 8.3: Detector to Hadron level correction factors obtained from PYTHIA eventsas a function of (a) � and (b) E T for the full y (ymeas) ranges; 0.2 < y < 0.9 (0.15< ymeas < 0.7). The (c) � (e) are for the three partial y (ymeas) ranges; (c) 0.2 < y <0.32 (0.15 < ymeas < 0.25), (d) 0.32 < y < 0.5 (0.24 < ymeas < 0.4) and (e) 0.5 < y <0.9 (0.4 < ymeas < 0.7); the corresponding W ranges are 134{170 GeV, 170{212 GeVand 212{285 GeV.
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Chapter 8 8.3 Study of Systematic Uncertaintiesrepeated. The �rst three classes were attributed to the experimental systematicerror. The results of this study are shown in �gure 8.4 to �gure 8.5 for the datapoints obtained in the following ways.Calorimeter energy scale :1. Change of the calorimeter energy scale by + 3%2. Change of the calorimeter energy scale by { 3%The energy scale of the calorimeter was varied for the extracted hadronic�nal state by �3%. This was done to account for a possible uncertainty in theabsolute energy scale of the calorimeter. The uncertainty of the simulation ofthe calorimeter response [82] gives rise to an uncertainty on the cross sections of� 7{10%.Modelling of the shower shape :1. fmax correction factor of the single photon MC raised by + 0.0092. fmax correction factor of the single photon MC lowered by { 0.0093. fmax correction factor of the �0 and � MC raised by + 0.0144. fmax correction factor of the �0 and � MC lowered by { 0.0145. Change of the ET slope of the single particle MCAs discussed in chapter 7 the uncertainties from the modelling of the showershape were evaluated for the �ts used to estimate the correction factors appliedto the single particle MC fmax distributions. The systematic uncertainties due tothe resulting �t procedure were � 0.009 and � 0.014 for MC fmax distributionof single photon and �0/� meson backgrounds respectively (see equation 7.8 and7.10). These were taken into account as systematic sources. These gave rise to asystematic error averaging �8% on the �nal cross sections.The single particle MC events were ET weighted according to e�aET to repro-duce the ET shapes seen in the data. The systematic e�ect on the slope of theET distribution of the single particle MC was checked by varying the constant,a, in the weighting formulae and this contributed as uncertainty of up to 1%.�=(� + �0) ratio : 125



Chapter 8 8.3 Study of Systematic Uncertainties1. Ratio of � meson to the background events set to 15%.2. Ratio of � meson to the background events set to 35%.The � meson contribution to the background was estimated from the �t ofthe <�Z> distribution in each physical bin. The �tted value was typically 25%with � 10% uncertainty. Variations of the ratio (to 15% and 35% respectively),allowing for the imperfect �t to the distribution, led to cross section variationsof �� 2%.Correction factor :1. HERWIG used for acceptance correction.2. Cross{section of the radiative MC halved.3. Cross{section of the radiative MC doubled.4. Cross{section of the direct photon MC raised by 20%.Cross{section of the resolved photon MC lowered by 10%.Hadron level correction factors were also evaluated using the HERWIG MCmodel to investigate the MC model dependence. Both MC models gave a rea-sonable description of the shape of measured ET cross sections; the average crosssection using HERWIG was lower by �� 1%.In addition, studies were made of the e�ects of varying the composition of theMC simulation in terms of direct, resolved and radiative processes. The fractionof the di�erent processes contributing to the combined MC samples were variedby amounts corresponding to their estimated uncertainties. The cross sectionswere insensitive to this, changing by at most 1%.Kinematic selection cuts :1. ET > 5 GeV ! 5.5 GeV2. ymeas > 0.15 ! 0.183. ymeas < 0.7 ! 0.64. PEcalo+tracksT < 0:1ET ! 0:05ET5. PEcalo+tracksT < 0:1ET ! 0:15ET6. �R � q(��)2 + (��)2 < 0:3 ! q(��)2 + (��)2 < 0:2126



Chapter 8 8.4 Measured Cross Sections7. �R � q(��)2 + (��)2 < 0:3 ! q(��)2 + (��)2 < 0:48. <�Z> < 0:65 ! 0.759. z{vertex cuts; (�50;+40 cm) ! (�20;+20 cm)These systematic sources show the e�ect of events migrating into the data sam-ple from outside the kinematic range of interest. The cuts de�ning the acceptedkinematic range at the detector level were varied by amounts corresponding tothe resolution on the variables. For each check the full analysis was repeated.Changes of up to 5% in the cross section were observed.Total systematic uncertainty :Figures 8.4 and 8.5 show the deviation from the central cross section valuesin the analysed � and E T bins respectively, for the di�erent systematic checks.The numbers on the x{axis refer to the systematic sources detailed above andthe line at zero refers to the position of the nominal value. The major systematice�ect on the cross section measurement comes from the calorimeter energy scalein the detector simulation and the modelling of the shower shape.All systematic errors were combined in quadrature to give the total systematicerror. The �nal systematic uncertainty in the inclusive prompt photon crosssections are around 15%. For the di�erential cross sections d�=d� and d�=dE Tfor prompt photon production, they were added in quadrature to the statisticalerrors and are indicated as the outer error bars in �gure 8.7 to 8.10.8.4 Measured Cross SectionsIt is of interest to consider the feasibility of distinguishing between di�erent mod-els of the photon structure (see chapter 2 for details). To look at such a possi-bility from the experimental point of view, di�erential cross sections as a func-tion of pseudorapidity and transverse energy of the photon within the de�nedset of hadron level kinematic cuts are compared with predictions from leading{logarithm parton{shower Monte Carlos and next{to{leading order QCD calcula-tions using currently available models of the photon structure. The measurementcan be also used to test NLO pQCD calculations.The obtained di�erential cross sections are presented in the tables (see Ap-pendix C); d�=dET (Table 1) and d�=dET (Table 2) for the range 0:2 < y < 0:9.The d�=d� for the three partial y ranges are presented in table 2; for the0:2 < y < 0:32, 0:32 < y < 0:5 and 0:5 < y < 0:9, respectively.127



Chapter 8 8.4 Measured Cross Sections

Figure 8.4: Summary of systematic uncertainties for d�=d� . Sources of systematicuncertainties are grouped into the three areas; experimental, detector level selectioncuts and correction factor. The experimental uncertainty is subdivided into; (1{2)calorimeter energy scale, (3{6) modelling of shower shape, (7{8) �=(� + �0) ratio and(9) varying the ET -distribution applied to the single-particle samples.

Experimental Systematic Errors

Figure 8.5: Summary of systematic uncertainties for d�=dE T . Sources of systematicuncertainties are grouped into the three areas; experimental, detector level selectioncuts and correction factor. The experimental uncertainty is subdivided into; (1{2)calorimeter energy scale, (3{6) modelling of shower shape, (7{8) �=(� + �0) ratio and(9) varying the ET -distribution applied to the single-particle samples.128



Chapter 8 8.5 Theoretical Calculations8.5 Theoretical CalculationsIn presenting cross sections, comparison is made with two types of theoreticalcalculation, in both of which the photon and proton parton density function(pdf) can be varied. There is, however, little sensitivity to the proton partondensities.8.5.1 Leading{logarithm parton shower MC modelsPYTHIA 5.7 and HERWIG 5.9 calculations evaluated at the �nal state hadronlevel, were outlined in Chapter 5. These comprise LO matrix elements accompa-nied by higher order e�ects in the initial and �nal states together with hadroniza-tion. Di�erences between the two LO MC models lie in the treatment of thecontributions from perturbative radiation and the non{perturbative fragmenta-tion. The general features of the two MC models are discussed in Chapter 5. Allprompt photon processes were combined �nally according to their relative crosssections.8.5.2 NLO parton{level calculationsTheoretical NLO pQCD calculations for prompt photon photoproduction havebeen made available from two theoretical groups :� Gordon (LG) [22, 83]� Krawczyk and Zembrzuski (K&Z) [84]These calculations include point{like and hadronic diagrams at the Born level,together with virtual (loop) corrections and terms taking into account three{body �nal states. The radiative terms are in both cases included by means offragmentation functions obtained from experiment. The renormalization andfactorisation scales (QCD scale) in both calculations are taken to be equal to thephoton transverse momentum, Q2 = (P T )2. In both calculations, the isolationcriterion for the prompt photon was applied at the parton level.The two NLO calculations di�er in several respects [85], for instance in theway of power{counting of the strong coupling constant, �s, and in the treatmentof higher order corrections. In �gure 8.6 a diagrammatic comparison is made be-tween two NLO parton{level calculations in detail. The LG calculation treats the129



Chapter 8 8.5 Theoretical Calculations
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NNLOFigure 8.6: Diagrammatic comparison of two prompt photon QCD calculations [85].Gordon calculates the NLO corrections to the direct, single{resolved, and double{resolved contributions, whereas Krawczyk et al. only calculate the corrections to thedirect contribution. On the other hand, Krawczyk takes into account the box diagramthat arises at NNLO and contributes at the 7% level. The classi�cations di�er althoughthe calculation in principle do not.photon structure and fragmentation functions as order of O(�=�s) from consid-ering the asymptotic limit and calculates the NLO corrections to all subprocessesin �gure 8.6. The K&Z calculation, however, treats the photon structure andfragmentation functions as order of O(�) and calculates the NLO correctionsonly to the direct process. As a result the resolved term and direct fragmentationterm contributes at O(�2�s) and the resolved fragmentation process contributeat O(�2�2s). Therefore the resolved fragmentation process is regarded as NNLOprocess. As a result a higher order correction to the resolved terms is excluded,while a box diagram contribution for the process g ! g [86] is included in thecalculation. 130



Chapter 8 8.6 Comparisons with Theoretical CalculationsIn LG a value of �MS = 200 MeV (5 avours) is used, while in K&Z �MS ischosen to be 320 MeV (4 avours) so as to reproduce a �xed value of �S = 0:118at the Z0 mass. Both NLO calculations use higher order (HO) versions of theGRV [16] and GS [87] photon pdf sets. In particular the GS calculation usedCTEQ4M for the proton pdf, while in K&Z GRV is chosen for the proton pdf.8.6 Comparisons with Theoretical CalculationsThe aim of the present section is to make a quantitative comparison betweenmeasured inclusive prompt photon cross sections in photoproduction at HERAand the corresponding LO and NLO QCD predictions. Such a comparison canbe used as a quantitative test of pQCD and may also provide a new perspectiveon the present theoretical modelling of the hadronic structure of the photon.The comparisons of the inclusive prompt photon data with the theoreticalpredictions were made as follows.� Di�erential cross sections d�=dE T for prompt photons produced over�0:7 <� < 0:9 were compared with the LO MC models and with the LG and K&ZNLO predictions.� Di�erential cross sections d�=d� for prompt photons with 5 < E T < 10GeV, for 134 < W < 285, were compared with the LO MC models andwith the LG and K&Z NLO predictions.� Di�erential cross sections d�=d�, for prompt photons with 5 < E T < 10GeV, were compared with the LO PYTHIA model and with the LG andK&Z NLO predictions, in the varying W ranges (1) 134{170 GeV, (2) 170{212 GeV and (3) 212{285 GeV.8.6.1 Di�erential cross section d�=dE TFigure 8.7 gives the inclusive cross section d�=dE T for the production of iso-lated prompt photons in the range �0:7 < � < 0:9. The inner (thick) errorbars are statistical, the outer include systematic errors added in quadrature. Allthe theoretical models describe the shape of the data well; however the predic-tions of PYTHIA and especially HERWIG are lower than the data. Both MCdistributions are the sum of the corresponding subprocesses for prompt photon131
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Figure 8.7: Di�erential cross section d�=dE T for prompt photons produced over�0:7 < � < 0:9. The inner (thick) error bars are statistical; the outer include sys-tematic errors added in quadrature. Predictions are shown from PYTHIA, HERWIG(histograms) and LG, K&Z (curves). In K&Z, the default 4-avour NLO �MS valueof 320 MeV is used.production at HERA and are normalised to the same integrated luminosity asthe data. The results from the two NLO calculations, LG and K&Z, are alsooverlaid on the plot. In the K&Z calculation, the default 4{avour NLO �MSvalue of 320 MeV is used, while in the LG a value of �MS = 200 MeV (5{avours)is used. The NLO calculations are in better agreement with the data, and areindistinguishable from each other within the present experimental uncertainties.8.6.2 Di�erential cross{section d�=d� for full y rangeFigure 8.8 (a){(d) give the inclusive cross section d�=d� for isolated promptphotons in the range 5 < ET < 10 GeV with 0:2 < y < 0:9, compared to thetheoretical models. The measured cross section rises at negative photon rapidityand decreases with increasing photon rapidity. The two di�erent predictions from132



Chapter 8 8.6 Comparisons with Theoretical Calculationsleading logarithm parton shower Monte Carlo models, PYTHIA 5.7 and HERWIG5.9 are shown in �gure 8.8 (a). Using the GRV{LO photon parton distribution,PYTHIA 5.7 gives a good description of the data for forward pseudorapidities,but is low in the rear region. The HERWIG distribution, while similar in shapeto that of PYTHIA, is lower throughout; this is attributable chiey to the lowervalue of the radiative contribution in HERWIG. Figure 8.9 con�rms this inter-pretation. Overlaid on the measured cross section in �gure 8.9 (a) and (b) arethe contributions of the subprocesses to the inclusive prompt photon productionpredictions from PYTHIA and HERWIG respectively. The di�erence betweenthe two MCs mainly comes from the radiative contribution in the fragmentationprocesses.The K&Z and LG calculations using GRV are similar to each other and toPYTHIA as seen in �gure 8.8 (b) which also illustrates the e�ects of varying thephoton parton densities, comparing the results using GRV with those using GS.The ACFGP parton set [88] gives results similar to GRV. All NLO calculationsdescribe the data well for � > 0:1, as does PYTHIA, while being low at morebackward � values. The K&Z calculation using GRV and �MS = 320 MeV givesthe best description overall, which is still low for negative �.The e�ects of varying some of the quantities in the K&Z calculation relativeto their standard values (NLO, 4 avours, �MS = 320 MeV, GRV photon pdf)are shown in �gure 8.8 (c). Changing �MS to 200 MeV (for comparison withLG) lowered the cross sections by 9%. Reducing the the number of avours inthe calculation to three (�MS = 365 MeV) reduced the cross sections by 35{40% across the � range, con�rming the need for a charm contribution in thecalculation. A LO calculation (evaluated with �MS = 120 MeV and a NLOradiative contribution) was approximately 25% lower than the standard NLO.Variations of the QCD scale between 0:25E2T and 4E2T gave cross section variationsof approximately �3%.In �gure 8.8 (d), the e�ect was investigated of varying the magnitude of thephoton pdf's in the K&Z calculation. Both two times and three times the photonparton densities in the resolved component for the high x range (i.e. x > 0.8)increase the cross section in the backward rapidity region, �0:7 < � < �0:4,while keeping the lines within experimental uncertainties in the forward rapidityregion. This is of course very arti�cial but may indicate a need to reexamine thetheoretical modelling of the high{x resolved photon.Finally the theoretical calculations characterise the data normalization andshape in the positive rapidity region, however, it appears to systematically un-derestimate the measured cross section in the negative rapidity region.133
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Figure 8.8: Di�erential cross section d�=d� , for prompt photons with 5 < E T < 10GeV, for 0:2 < y < 0:9 (134 < W < 285 GeV). The inner (thick) error bars arestatistical, outer include systematic errors added in quadrature. Also plotted are (a)PYTHIA and HERWIG predictions using the GRV(LO) photon parton densities; (b)LG and K&Z NLO predictions using GRV(HO) and GS photon parton densities; (c)K&Z predictions using GRV(HO) photon parton densities: NLO (4 avours, �MS =320 and 200 MeV), LO (4 avours, �MS = 120 MeV, GRV(LO) parton densities), andNLO (3 avours, �MS = 365 MeV); (d) K&Z predictions using doubled and tripledphoton parton densities at x > 0.8.
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Figure 8.9: Di�erential cross section d�=d� , for prompt photons with 5 < E T < 10GeV, for 0:2 < y < 0:9 (134 < W < 285 GeV). The inner (thick) error bars arestatistical, outer include systematic errors added in quadrature. Also plotted are (a)PYTHIA and HERWIG predictions using the GRV(LO) photon parton densities; (b)LG and K&Z NLO predictions using GRV(HO) and GS photon parton densitiesTo con�rm our understanding of topological characteristics in prompt photonproduction mechanism, the same cross sections were recalculated with the ad-ditional requirement of a jet in the event with a transverse energy of at least 5GeV in the rapidity range (�1:5, 1.8). The main features are seen to be similarto those of �gure 8.7 and �gure 8.8 (a){(d), and give rise to similar conclusions.The results will be shown in the next chapter.8.6.3 Di�erential cross sections d�=d� for restrictedy rangesThe discrepancy between data and theory at low � is found to be proportionatelystrongest at low values of y. Figure 8.10 shows the inclusive cross section d�=d�as in �gure 8.8, but evaluated for the three restricted y ranges 0:2 < y < 0:32,0:32 < y < 0:5 and 0:5 < y < 0:9 using detector{level cuts on ymeas at 0:15 <ymeas < 0:25, 0:25 < ymeas < 0:4 and 0:4 < ymeas < 0:7. The correspondingW ranges are 134{170 GeV, 170{212 GeV and 212{285 GeV. Tables for thesemeasurements can be found in Appendix C.Measured cross sections are compared with the PYTHIA, K&Z and LG calcu-lations using the standard theoretical input parameters. Also shown in �gure 8.10135



Chapter 8 8.6 Comparisons with Theoretical Calculationsare the corresponding MC predictions for contributions from the di�erent sub-processes for prompt photon production at HERA: (i) dijet processes in whichthe photon is radiated from a �nal state quark (termed \radiative"), (ii) radia-tive plus resolved process, (iii) and summed also with direct process. These arecalculated using PYTHIA 5.7, with the proton and photon structure functionsgiven by the MRSA and GRV(LO) parton density sets respectively.The results shows that the di�erence between data and theory is relativelylarge in the low y region, 0:2 < y < 0:32. As seen in the full y range result in�gure 8.8, the data tend to be higher in the negative rapidity region. For negative� values, and bearing in mind the larger statistical errors, the experimentalcross sections now lie approximately 50% above the highest available theoreticalpredictions. In the highest y range (�gure 8.10 (c)), there is good agreementbetween the data, PYTHIA and K&Z, but LG appears high. As y increase, theevents with high x become boosted to negative � values, eventually leaving themeasurement acceptance.The kinematic region where the discrepancy is most strongly observed cor-responds mainly to x values in the approximate range 0.8{1, where x is thefraction of the incident photon energy that contributes to the QCD subprocess.Low theoretical predictions with respect to data have also recently been reportedin the photoproduction of high{ET jet pairs at HERA [89], although the discrep-ancy here appears associated with all values of x . By varying the theoreticalparameters, the discrepancy was found to correspond in the K&Z calculation toinsu�cient high x partons in the resolved photon. (see �gure in details)8.6.4 Further kinematic distributionsAs shown above, it is found that the measured cross section of inclusive promptphotons is much higher than the various theoretical calculations at negative ra-pidity region in the laboratory frame. This discrepancy can be partially unfoldedby evaluating results approximately in the incident p centre of mass frame.The new kinematic quantities, �� and �0 (de�ned in equations 8.6 and 8.7) inthe incident p centre of mass frame were studied in order to prove the assumptionthat the excess of data over theory will be seen where the photon appears in therear direction in the p frame. It is scattered forwards.As discussed in [90], the inclusive photons away from threshold are not sen-sitive to particular values of the proton parton energy. This implies that theprompt photon measurement is sensitive to the integrated quark density, and to136



Chapter 8 8.6 Comparisons with Theoretical Calculations
ZEUS 1996-97

ZEUS
K&Z(GRV)
LG(GRV)

PYTHIA
rad
rad+res
rad+res+dir





Figure 8.10: Di�erential cross section d�=d� , for prompt photons with 5 < E T < 10GeV, compared with PYTHIA, LG and K&Z NLO predictions using GRV photon par-ton densities. The inner (thick) error bars are statistical; the outer include systematicerrors added in quadrature. The plots are for the y (W ) ranges (a) 0.2{0.32 (134{170GeV), (b) 0.32{0.50 (170{212 GeV), (c) 0.50{0.90 (212{285 GeV). Also plotted arePYTHIA predictions at the detector level. Thick hatch = MC radiative; thin hatch =MC radiative + resolved; solid = MC radiative + resolved + direct.
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Figure 8.11: (a) Distribution of events of bin as a function of �� for isolated promptphotons with 5 < E T < 10 GeV and 0:15 < ymeas < 0:7. (b) Distribution of eventsof bin as a function of �0 for isolated prompt photons with 5 < E T < 10 GeV and0:15 < ymeas < 0:7. Also plotted are �tted Monte Carlo curves ; Points = data;dashed{dotted = MC radiative; dotted = MC radiative + resolved; dashed = MCradiative + resolved + direct. Statistical error only.a lesser extent the integrated gluon density, in the proton. In particular, the �0is an approximate formula for {ln x a quantity which may be sensitive to thehadronic modelling and behaviour of the photon, as well as being measurable [90].It is meant to be in the frame of the photon and the quark in the proton.These quantities are de�ned as below ;�� = � � 0:5 ln(Ep=kyymeasEe) (8.6)�0 = � � ln(ET=kyymeasEe) (8.7)where the factor ky denotes the mean value of y=ymeas; a value of 1.25, with nosigni�cant y variation, was taken on the basis of PYTHIA studies. The sameevent selection requirements as described in chapter 6 were applied to select theprompt photon candidates. Then prompt photon candidates are boosted intothe p centre{of{mass system by the equation 8.6 and 8.7 respectively. Thebackgrounds are subtracted for each bin of �� and �0 as described in chapter 7.Figure 8.11 (a) and (b) shows the distribution of prompt photon signals as afunction of �� and �0 at the detector level, compared with results from PYTHIA,for the detector{level range 0:15 < ymeas < 0:7. A pronounced discrepancy isagain observed in the lower part of the �� and �0 ranges, in the remaining region138



Chapter 8 8.7 Conclusionsthe agreement is good. Within the PYTHIA model, the individual contributionsfrom the direct, resolved and radiative processes are also indicated. No one ofthese dominates in the region of the discrepancy.The discrepancy between data and PYTHIA at negative �� is also found tobe relatively strongest at low ymeas ranges due to the di�erent size of the boostas indicated in the equation 8.6.8.7 ConclusionsThe photoproduction of isolated prompt photons within the kinematic range0:2 < y < 0:9, equivalent to incident p centre{of{mass energies W of 134{285GeV, has been measured in the ZEUS detector at HERA, using an integrated lu-minosity of 38.4 pb�1. Inclusive cross sections for ep!  +X are presented as afunction of E T for the production of isolated prompt photons in the pseudorapid-ity range �0:7 < � < 0:9, and as a function of � for photons with 5 < E T < 10GeV. The latter results are given for the full y range and three partial ranges.Comparisons are made with predictions from leading{logarithm parton showerMonte Carlos (PYTHIA and HERWIG), and from next{to{leading order parton{level calculations. The models are able to describe the data well for forward (pro-ton direction) values of photon pseudorapidity, but are low in the rear direction.None of the available variations of the model parameters was found to be capableof removing the discrepancy with the data. The disagreement is strongest withinthe W interval 134{170 GeV, and not seen within the measurement acceptancefor W > 212 GeV. Given the discrepancies also seen in recent dijet results atHERA [89], there would appear a need to review the present theoretical mod-elling of the photon parton structure.
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Chapter 9Measurement of Prompt Photon+ Jet Production
In this chapter we present a study of the photoproduction of isolated promptphotons accompanied by jets, within the incident p centre{of{mass energies Wof 120{274 GeV, using an integrated luminosity of 38.4 pb�1, as in the previouschapter.The kinematical properties of events with a measured jet as well as a promptphoton are used to study the parton behaviour in the proton and photon. Thepresence of the jet enables the type of underlying QCD process to be identi-�ed more clearly, and allows a study of its dynamics. The results are comparedwith predictions from leading{logarithm parton{shower Monte Carlo models cal-culated with di�ering values of the mean intrinsic transverse momentum <kT>of the partons in both proton and the photon, with the goal of searching forevidence for parton <kT> e�ects. The results are also compared with recentprompt{photon measurements from TeVatron colliders and �xed target experi-ments, which have suggested high values of parton <kT> inside the proton.9.1 Experimental MotivationIn recent years a pattern of deviations has been observed between measuredprompt photon cross sections and pQCD calculations (both LO and NLO) [21].Our work is motivated by the observations in a number of previous experi-ments [35, 38, 39, 30, 91], summarised in the chapter 2.4, that the production ofinclusive prompt photons in hadronic reactions sometimes appears to be unex-pectedly high in lower regions of transverse energy (see �gure 2.6). The discrep-ancy is particularly striking in the recently published higher{statistics data from140



Chapter 9 9.2 Kinematics of the Event TopologyTeVatron E706 experiment [30]. The E706 observed large deviations betweenNLO calculations and data, for both prompt photon and �0 inclusive cross sec-tions, for 530 and 800 GeV/c proton beams and a 515 GeV/c �� beam incidenton Be targets (see �gure 2.4).As discussed in chapter 2.4, a discrepancy of this kind could arise from theintrinsic transverse momentum, kT , of the parton in the incoming hadron orfrom multiple initial{state soft gluon radiation which can enhance the e�ective<kT> value of the parton as it interacts.Nowdays theoretical e�orts of explaining the inclusive prompt photon produc-tion rate is in progress with the help of MC techniques which take these e�ectsinto account, with several simple mathematical models, for instance Gaussiansmearing. In particular, programs such as PYTHIA and HERWIG that includea variable treatment of kT smearing, and the LO cross section for high pT par-ticle production, are available and can be used in the study of prompt photonproduction.The aim of the present measurements is to determine kinematically whetherthe partons in the proton possess high values of <kT>when they interact witha high energy photon. This is facilitated by the use of event samples in whichthe `direct photoproduction' process dominates, i.e. in which the entire incomingphoton interacts with a quark in the proton. This minimises the e�ect of thehadronic behaviour of the photon. At leading order, the Compton process q !q is the only direct prompt photon process in photoproduction.9.2 Kinematics of the Event TopologyCorrelations between a photon and a jet probe aspects of the hard{scatter noteasily accessible via inclusive prompt photon production, and can be used to in-vestigate the transverse momentum of the parton <kT> prior to the hard scatter.In this section we discuss the topology of events with a photon plus a jet at HERAand describe the de�nitions of relevant kinematic quantities whose contributionswill be �nally compared with theoretical predictions.9.2.1 HERA kinematic quantities, x and xpWe �rst look at two basic kinematical variables, xmeas and xmeasp , of the photonplus jet system at HERA. As with the photoproduction of a dijet �nal state [92],141



Chapter 9 9.2 Kinematics of the Event Topologythe information from the prompt photon and the measured jet can be used to mea-sure a value of x , the fraction of the incoming photon energy which participatesin the hard interaction. The fraction of the incoming proton momentum enteringthe QCD hard process is estimated by evaluating the quantity xp. \Measured"values of x and xp at the detector level were evaluated as :xmeas = X;j et (E � pZ)/ 2EeyJB (9.1)xmeasp = X;j et (E + pZ)/ 2Ep (9.2)where the sums are over the photon candidate and the detector level objectwhich form the jet, each object being treated as equivalent to a massless particleof energy E and longitudinal momentum component pZ. The ymeas is evaluatedsimilarly. The xmeas distribution peaks at values close to unity for direct pho-toproduction events, in which the whole photon energy takes part in the hardsubprocess. It takes smaller values for resolved events, where the photon acts asa source of partons, one of which takes part in the hard subprocess.9.2.2 Momentum imbalances of {jetThe momentum imbalances of the photon relative to the jet in the (x,y) planecan be used to investigate the sensitivity to intrinsic kT e�ects. Three suchkinematical quantities have been examined, de�ned as [93] :p? = jpxy � pjetxy j.pjetT (9.3)pk = �pxy:pjetxy .pjetT � pjetT (9.4)QT = qp2? + p2k (9.5)The quantities p? and pk are the perpendicular and longitudinal momentum com-ponents of the photon relative to those of the jet, respectively, which are usedsince the photon is better measured experimentally than the jet. The quantityQT is the total momentum imbalance of the photon{jet system. Figure 9.1 showa schematic diagram of kinematic quantities, p? and �� (see section 9.2.3)142



Chapter 9 9.2 Kinematics of the Event Topology

X

TP

prompt γ

Jet

Y

∆φ

Figure 9.1: A schematic diagram showing a kinematics of the event topology. Theplotted quantities describe the momentum imbalance of the photon-jet system in the(X;Y ) plane, and denote the momentum component p? of the photon relative to thejet, and the collinearity ��. The quantity �� also shown in the diagram.In leading order pQCD, the di�erential cross section d�= dQT for the photon+ jet production peaks at QT=0. Only in higher{order QCD does the two{object system receive a pT push which results in a shift of the peak of d�= dQTto a non{zero value. The distribution of this quantity is therefore a good test ofhigher{order e�ects and can provide a direct measurement of the intrinsic<kT> ofcolliding partons.For each quantity in the equations above the vector pxy is (px; py), and pT =qp2x + p2y. Thus pj etT is not identical to the Snowmass quantity Ej etT , de�ned asthe sum of the ET values of the individual particles in the jet, but is the truemomentum component of the jet as a whole.Figure 9.2 shows that after corrections the transverse energy of the photonand the jet are approximately equal. Now, since most of the events are at lowvalue of pT , the portion of the experimental acceptance at the bottom left cornertries to force each pk distribution, as seen in the �gure, to be near zero. Thecorner of the plot, therefore, was removed in plotting pk to get a more unbiaseddistribution by requiring the condition of (pj etT + pT ) > 12:5 GeV. Several choicesof the minimum (pj etT +pT ) requirement, for instance 10, 11, 12, 12.5 and 13 GeV,were tested to clarify the e�ects of this cut.143



Chapter 9 9.2 Kinematics of the Event Topology
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Figure 9.2: The correlation between pT and pjetT , (a) for the full xmeas and (b) for thexmeas > 0.9, for photon + jet events passing the above �nal event selection cuts. Thetick lines de�ne the region of interest for the quantities, pk and QT , as described in thetext.9.2.3 Azimuthal angle between {jetIn the leading order QCD diagram, a high{ET prompt photon is balanced, back{to{back in the plane perpendicular to the beam direction, by a jet. Thus theazimuthal angle di�erence between a photon and a jet should be ideally �� =180�. In practice �� does not show precise back{to{back characteristics for thefollowing reasons ;� The detector resolution and hadronization e�ects might smear the originaldirection of the parton.� The virtuality of the photon is not exactly zero, which provides some trans-verse momentum to the initial photons.� The e�ects of the initial state radiation (ISR) of the gluons o� the incomingpartons in the hard sub{processes.� The e�ect of the intrinsic transverse momentum <kT> of the partons inboth the proton and the photon.The �� distribution has the advantage of being insensitive to the measuredphoton and jet energies and also is relatively unbiased with respect to longitudinalfragmentation e�ects. 144



Chapter 9 9.3 Event Selection9.3 Event SelectionThe data used here were obtained from e+p running in 1996{97 at HERA, withEe = 27:5 GeV, Ep = 820 GeV. These data correspond to an integrated luminos-ity of 38 pb�1, which is more than six times that available in the �rst analysis ofprompt photon plus jet photoproduction performed by ZEUS using 1995 data [18].The 1996{97 data shows similar features to that of 1995.The same o�ine selection criterion and isolation condition, as described inchapter 6, are applied to identify candidate photon signals in BCAL and to reducethe neutral mesonic backgrounds, and the contribution from high{energy photonsradiated from outgoing quarks, respectively. In particular both calorimeter cellsand tracks are taken into account in evaluating the isolation condition.For the reconstruction of jets in the present analysis the longitudinally in-variant KT clustering algorithm, KTCLUS [76], was used in the inclusive mode,by means of energy ow objects, Zufos, which combine information from thecalorimeter cells and tracks. Further details of the Zufos and KTCLUS aregiven in chapter 6.Correction factors to the measured photon and jet energies were evaluatedthrough the use of Monte Carlo event samples, and were typically 1.05{1.10 forboth the photon and the jet. After correction, photons were required to have5 < ET < 10 GeV and �0:7 < � < 0:9 to minimize neutral meson backgrounds,while jets were required to have Ej etT > 5 GeV and �1:5 < �j et < 1:8. These cutscon�ned both types of outgoing object to be within well{measured kinematicregions. The momentum components of the objects comprising the jet weresummed to obtain the total jet momentum vector.9.4 Study of Systematic UncertaintiesThe systematic uncertainty on the measurements was studied by taking into ac-count the following sources, which were grouped into the following categories:calorimeter energy scale, modelling of the shower shape, �=(� + �0) ratio, kine-matic cuts. The results of this study are shown in �gure 9.3 and 9.4 for the datapoints obtained in the following ways.1. Standard analysis selectionCalorimeter energy scale : 145



Chapter 9 9.4 Study of Systematic Uncertainties2. Change of the calorimeter energy scale by +3%3. Change of the calorimeter energy scale by �3%Modelling of the shower shape :4. fmax correction factor of the single photon MC raised by +0:0095. fmax correction factor of the single photon MC lowered by �0:0096. fmax correction factor of the �0 and � MC raised by +0:0147. fmax correction factor of the �0 and � MC lowered by �0:0148. Change of the ET slope of the single particle MC�=(� + �0) ratio :9. Ratio of � meson to the background events are �xed to 15%10. Ratio of � meson to the background events are �xed to 35%Kinematic cuts :11. Photon rapidity cut was varied by �0:5 < � < 0:712. xmeas cut lowered to xmeas > 0:85The e�ect of the discussed variations on measured quantities, 1=NdN=dp? and1=NdN=d��, in each bins is shown in the �gures 9.3 to 9.4.Figure 9.3 shows the di�erence in percent between each systematic item andthe nominal result of 1=NdN=dp? in each bin of p?. The numbers on the x{axisrefer to the systematic sources detailed previously and the line at zero refers tothe position of the nominal value. The calorimeter energy scale uncertaintiesshould have a negligible e�ect since they change only the magnitude of the distri-bution and not the shape of normalised distributions. As described in chapter 7,uncertainties in evaluating the correction factors applied to the MC fmax distri-butions for both photon and �0/� mesons were taken into account. In additionthe �tted value of �=(� + �0) ratio was varied in the range 15{35%. As expectedthe uncertainties from the modelling of the shower shape and �=(� + �0) ratiohas not a signi�cant e�ect on the normalised distributions. On the other handit shows that the shape of the p? distribution is slightly sensitive at low p? tothe variation of kinematic cuts. Further investigations for each e�ect on a typicalMC predictions will be discussed in section 9.8.3.The same pattern is observed in �gure 9.4 which show the systematic uncer-tainties for 1=NdN=d��. 146



Chapter 9 9.4 Study of Systematic Uncertainties

Experimental Systematic Errors

Figure 9.3: Summary of systematic uncertainties for the normalised 1=NdN=dp? distri-bution of p? quantity. The systematic uncertainty is subdivided into: (2{3) calorimeterenergy scale, (4{7) modelling of shower shape, (8{9) �=(� + �0) ratio, (10) varying theET {distribution applied to the single{particle samples and (11{12) kinematic cuts.
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Figure 9.4: Summary of systematic uncertainties for the normalised 1=NdN=d��distribution of �� quantity. The systematic uncertainty is subdivided into: (2{3)calorimeter energy scale, (4{7) modelling of shower shape, (8{9) �=(� + �0) ratio, (10)varying the ET {distribution applied to the single{particle samples and (11{12) kine-matic cuts.
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Chapter 9 9.5 Phenomenological CalculationIn summary, the systematic uncertainties on the data point in the most popu-lated bin in several kinematic quantities were typically at the 1{2% level. Propor-tionally larger e�ects were seen in some of the other bins, but always within thelevel of the statistical uncertainty. The dominant uncertainties were associatedwith variation of the kinematic range used in making the measurement.9.5 Phenomenological CalculationThe preliminary version of an NLO pQCD calculation has been performed bymembers of the Durham group [93]. They calculated the pTout distribution forthe direct component, x � 1, of prompt photon + jet events as measured atHERA. Here pTout is a positive quantity called acoplanarity, representing thetransverse momentum imbalance between the emitted photon and the jet, andis the same quantity as we term p?. In their calculation an unintegrated partondistribution is used to incorporate the initial transverse momentum <kT> of aquark. Even with the leading order 2 ! 2 subprocess, they have a non{zeroprediction for the pTout distribution because of the initial state <kT> e�ect.The pTout distribution does depend strongly on the two parameters, � and x,in the theoretical approximation. Here the � is the hard factorization scale andx is the longitudinal momentum fraction.Figure 9.5 shows the theoretical calculations for x= 0.01 and for three illus-trative scales �= 10 GeV, 5 GeV and 2.5 GeV. The strong scale � dependence inthe gradient of the straight line parts is seen in the theoretical calculation. Thise�ect is clearly seen in the logarithmic plot (not shown).Figure 9.6 also shows the dependence on x for the �xed value of �=10 GeV.The variation is fairly modest.9.6 Intrinsic kT{insensitive DistributionsFigure 9.7 shows the distributions of kinematic quantities, xmeas and �, measuredin prompt photon plus jet photoproduction. The distributions are at detectorlevel after evaluation of the photon signals as described in chapter 7. The errorson the data are statistical only and no corrections have been applied to the data.The xmeas distribution of the signal is shown in �gure 9.7 (a). A clear peakis seen near x � 1 corresponding to the direct Compton process, q ! q. It isevident that both direct and resolved processes are present in the distribution.148



Chapter 9 9.6 Intrinsic kT{insensitive Distributions
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Chapter 9 9.6 Intrinsic kT{insensitive DistributionsComparisons are made with predictions from the MC model, PYTHIA 6.1,using default values of the intrinsic transverse momentum of the partons in boththe proton and photon. The parton density function used is MRSA [94] andGRV [16] for the proton and photon respectively.The PYTHIA distributions include events from direct and resolved prompt{photon photoproduction at lowest order in QCD, together with radiative dijetevents in which an outgoing quark from a hard QCD scatter radiates a high{ETphoton which passes the present experimental selections. The MC distributionagrees with the shape of the data, although it systematically tends to under-estimate the data in magnitude. QCD radiation, hadronization outside the jetcone and detector e�ects lower the peak position slightly from its expected valueof unity. There is also a contribution of entries extending over lower x values.These correspond to resolved photoproduction events, whose observed numbersare consistent with the level expected from the MC. The predicted radiative con-tribution is not negligible compared to the resolved contribution.Further details are presented in the �gure 9.8, which shows the various com-binations of corresponding processes for the prompt photon photoproduction atHERA ;� direct process ) QCD Compton process (qp ! q)� resolved process ) e:g) qgp ! q, qqp ! g, gqp ! q� radiative process (direct) ) qp ! qg ! qg� radiative process (resolved) ) e:g) qgp ! qg ! qgThese xmeas distributions indicate that the requirement xmeas > 0.9 selectsa clean sample of events strongly enriched in direct photoproduction. To inves-tigate the parton behaviour in the proton and the photon, we therefore use thedirect{enriched sample and resolved{enriched sample, respectively, for this pur-pose, making a cut at xmeas > 0.9 (see section 9.8.2) and xmeas < 0.9 (see section9.9.1), respectively.Figure 9.7 (b) shows the pseudorapidity distribution of the photons, the pres-ence of a jet being required. The agreement with PYTHIA is qualitatively sat-isfactory although the predictions tend to lie below the data. This discrepancy isparticularly evident at negative � values, where a lack of theoretical modellingof the photon parton structure is expected to have greater impact. This is also150
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Chapter 9 9.7 Measured Cross Sections
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Chapter 9 9.8 Study of Parton Behaviour in the Protonagreement between data and MC is seen at forward values of pseudorapidity, butthe data tend to lie above the MC at negative pseudorapidity. The agreementappears to be better than in the inclusive prompt photon distributions. Boththe measured and theoretical distributions were found to be of a similar shape tothose of inclusive prompt photons, as discussed in chapter 8.In �gure 9.10 (b) the di�erential cross section d�=dET for the production ofa photon accompanied by a jet in the kinematic range �0:9 < � < 0:7 arecompared to the PYTHIA model. The PYTHIA result describes the shape ofthe data well but is slightly low in magnitude. Similar features were seen in theinclusive distribution. Also shown are the corresponding MC expectations for thecontributions from subprocesses; (i) radiative, (ii) radiative + resolved processand (iii) summed also with direct process.9.8 Study of Parton Behaviour in the ProtonIn this section we examine the e�ects of varying the intrinsic <kT> in the protonindependently of the photon. The various kinematic quantities, as described insection 9.2, are presented (1) for the full range of xmeas values, (2) for a direct{enriched event sample with xmeas > 0:9, and (3) for a resolved{enriched eventsample with xmeas < 0:9. The distributions are at detector level after evaluationof the photon signals using the neutral meson background subtraction. Furtherdetails of the background subtraction method are given in chapter 7. The errorson data are statistical only. No hadron{level corrections have been applied to thedata. This approach has been adopted since most hadron{level corrections wouldcancel out on normalising the distributions; one would e�ectively be correctingmainly for migration e�ects between the bins. It seems best for present purposesnot to introduce further systematic errors by attempting this.9.8.1 Intrinsic kT e�ect for the full range of xmeasFigure 9.11 shows distributions of the kinematic quantities described above in thefull x region. The azimuthal acollinearity �� between the prompt photon andthe accompanying jet is well peaked at 180� as expected. There was a minimumrequirement of (pj etT + pT ) > 12:5 GeV in plotting both (b) pk and (c) QT vari-ables, to prevent the distribution from being dominated by the many events withtransverse energy just above the lower cuts, which are approximately pk{balancedby de�nition. 154



Chapter 9 9.8 Study of Parton Behaviour in the ProtonComparison is made with predictions from PYTHIA 6.1, calculated withdi�ering values of the two{dimensional Gaussian width, k0, of the partons in theproton, where a Gaussian formula for the spread in <kT> is employed. The meanabsolute value of the intrinsic parton momentum, <kT> is given by <kT> =q�=4k0 [46]. The k0 value for partons in the photon is �xed at 0.44 GeV, whichis the default value in the PYTHIA model. Here and in �gures 9.12 to 9.15, theMC distributions are normalised to the same integrated luminosity as the datafor the comparison of shape between data and MC predictions. The error barson the data points are statistical only.Figure 9.11 (a) shows that p? peaks at zero with a fall{o� around 2 GeV.The pk distribution is well peaked around zero, falling o� around � 2 GeV and isreasonably reproduced by MC. A small asymmetry towards the positive directionis observed on the pk distribution (�gure 9.11 (b)), which may be attributed tohigher{order processes in which not quite all the recoiling system is included in thede�ned jet and is strongly a�ected by ET resolution e�ects. There is insu�cientresolution in pk to distinguish the di�erent PYTHIA models of <kT> variations,since the pk distribution is more sensitive than the other to the de�nition of thejet. The (pj etT +pT ) > 12:5 GeV cut also reduces the statistics in this quantity. TheQT distribution (Figure 9.11 (c)) is less sensitive to the intrinsic kT e�ects andthe data again provides little discrimination between the various <kT> values.It is evident that a <kT> value of 3 GeV is excluded by the distributions inp? and ��, which favour a value in the range 1{2 GeV. The distributions arealso in poor agreement with the PYTHIA 6.1 default value of 0.44 GeV. In latereditions of the program, this default value has been increased to around 1 GeV; itmay be noted that the initial{state parton showering in PYTHIA is not evolvedbelow a scale of 1 GeV2, so that it is necessary to impose an appropriate <kT>value by hand [96].The distribution of the azimuthal angle between the photon and the jet isshown in �gure 9.11 (d) for events with full range of xmeas value. Ideally balancedphoton{jet pairs would have �� = 180�. As discussed in section 9.2, however, adeviation from the back{to{back con�guration is seen due to several reasons andsuch deviation increases with increasing intrinsic kT of the partons in the protonas seen in the MC predictions. The results indicate that we have experimentalresolution of an useful kind in �� which suggests again that the <kT> of thequarks in the proton is 1{2 GeV, rather than the PYTHIA default of 0.44 GeVand at the other extremely higher value of <kT> � 3 GeV, which appear to beexcluded. �� is of course strongly correlated with p?.155
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Figure 9.11: Normalised distributions of kinematic quantities observed in promptphoton production at ZEUS, compared with predictions from PYTHIA6.1 calculatedwith di�ering values of the mean intrinsic transverse momentum <kT> of the partonsin the photon. The quantities plotted are calculated in the plane transverse to the beamdirection and are: (a) perpendicular momentum component of the photon relative tothe axis of the jet, (b) longitudinal momentum imbalance (photon{jet) along the axisof the jet, (c) absolute momentum component of the photon relative to that of thejet, (d) di�erence in azimuthal angle between the photon and jet directions. Statisticalerrors are shown, the systematic uncertainties may be neglected in comparison.
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Chapter 9 9.8 Study of Parton Behaviour in the Proton9.8.2 Intrinsic kT e�ect for xmeas > 0:9Figure 9.12 shows normalised distributions of kinematic quantities, as discussedin �gure 9.11, of the prompt photon + jet system, for events selected withxmeas > 0:9. The events with xmeas > 0:9 are predominantly from the directphotoproduction processes, and the restriction to high xmeas also minimises thee�ects of hard gluon radiation from the recoil quark in direct processes.Also shown in the �gures are the predictions fromPYTHIA 6.1, which includethe small contributions from resolved events with xmeas > 0:9. The k0 value forpartons in the resolved photon was �xed at the PYTHIA 6.1 default value of 0.44GeV, but its e�ects here are small since the selected events come predominantlyfrom direct processes. The PYTHIA predictions are shown again for a varietyof values of the two{dimensional Gaussian width k0 of the partons in the proton,where <kT> is given by <kT> = q�=4k0.Again the MC models with k0 in the range 1{2 GeV more successfully repro-duce the shape of the kT{sensitive kinematical quantities than the PYTHIA 6.1default. In addition k0= 3 GeV is excluded by p? and �� distributions.To evaluate the optimum value of <kT> in the proton, a minimum{�2 cal-culation was performed using the p? and �� data and MC distributions; (�g-ure 9.13 (a) and (c)). A second order polynomial �t to the each �2 point wasused to �nd the best value of <kT> in the proton. The resulting �tted values of<kT> are ;� 1.39 � 0.36 GeV (from p? distribution; �rst 4 bins used.)� 1.28 � 0.49 GeV (from �� distribution; last 3 bins used.)Both kinematic quantities, p? and ��, yield approximately the same valuefor <kT> . These results con�rm that the data are consistent with <kT> valuesin the range 1{2 GeV. The �tted result is shown in �gure 9.13 (b) for the p?distribution. Since the result from p? is better de�ned, we regard the �� resultjust as a check.9.8.3 Systematic checks for <kT>value in the protonIn �gure 9.14, the p? and �� quantities are plotted (a),(b) for events with xmeas >0:85, and (c),(d) for event with xmeas > 0:9 in the range �0:5 < � < 0:7, in orderto check the systematic e�ects, as discussed in section 9.4. The variation in these157
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Figure 9.12: Normalised distributions of kinematic quantities observed in promptphoton production at ZEUS, compared with predictions from PYTHIA6.1 calculatedwith di�ering values of the mean intrinsic transverse momentum <kT> of the partonsin the proton. Only events with xmeas > 0:9 are used. The quantities plotted arecalculated in the plane transverse to the beam direction and are: (a) perpendicularmomentum component of the photon relative to the axis of the jet, (b) longitudinalmomentum imbalance (photon { jet) along the axis of the jet, (c) absolute momentumcomponent of the photon relative to that of the jet, (d) di�erence in azimuthal anglebetween the photon and jet directions. Statistical errors are shown, the systematicuncertainties may be neglected in comparison.
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Chapter 9 9.9 Study of Parton Behaviour in the PhotonFurther discussion of the physics interpretation of this <kT> value will be givenin section 9.119.9 Study of Parton Behaviour in the PhotonWe looked at the intrinsic kT e�ects in the proton independently of the photonwith a variety of di�erent combinations for proton intrinsic <kT> values. In thiscase obviously the direct photon diagram does not require any intrinsic <kT>values in the photon.The ZEUS collaboration has previously observed that adjusting the intrinsickT of the partons in the photon is a way to improve the agreement betweenthe data and MC predictions from the study of the photon remnant in resolvedphotoproduction process [97]. As a result a better agreement can be obtained byincreasing the k0 of the partons in the photon to about k0 = 0.66 � 0.22 GeV,as compared to k0 = 0.44 GeV for PYTHIA 6.1 with default parameters.A similar behaviour of partons in the photon had been observed in the pro-duction of two photon process from e+e� collisions at LEP experiments [98]. Thepower{like distribution of the intrinsic transverse momentum of the struck pho-ton greatly improves the hadronic �nal state distributions of both PYTHIA andHERWIG. From the recent measurement of the low{x behaviour of the pho-ton structure function F 2 (x;Q2) by the OPAL experiment [99], the improvedMC models have been used for the F 2 measurement to reduce a large model{dependent systematic uncertainty coming from the MC modelling of the hadronic�nal state of deep inelastic electron{photon scattering events. The HERWIGmodel implementing a modi�ed kT distribution for the quarks inside the photonwas used for this purpose.However recently H1 results from both the photon remnant and inclusivephotoproduction of �0 mesons [100] shows that the data are inconsistent withlarge values of an intrinsic <kT> in the photon. H1 used the PYTHIA modelto look at the evidence for non{zero intrinsic <kT> of partons inside the photonusing several choices of k0 parametrizations ; a Gaussian, an exponential, andpower law parametrizations. (see chapter 5 for details)It would therefore be attractive to determine kinematically whether the par-tons in the hadronic photon possess high values of <kT> in resolved processes atHERA and to check the e�ects suggested by other experiments.161



Chapter 9 9.10 Study of Jet Reconstruction Methods9.9.1 Intrinsic kT e�ect for xmeas < 0:9In �gure 9.15, the kT{sensitive kinematic quantities are plotted for events withxmeas < 0:9, where resolved photoproduction diagrams dominate. As modelled byPYTHIA there is a substantial fraction of radiative dijet events in this sample;like the prompt photon events themselves, these still arise from resolved processes.With the caveat that this fraction is not yet well determined experimentally,comparisons with PYTHIA are again made with k0 for the proton varying from0.44 GeV to 3 GeV.In this distribution e�ects of possible inelasticities in the �nal state are evident:the asymmetry in pk indicates that the selected jet often has insu�cient momen-tum to balance that of the photon. The sharp fall{o� at negative pk remains inprinciple a good measure of the event kinematics. In these plots, moreover, ameasurement of the photon <kT> is not possible with present statistics.As discussed in the previous section, measuring the intrinsic <kT> in theproton with clean direct samples (x > 0.9) shows that the data imply <kT>values in the range 1 { 2 GeV. A similar analysis is now performed for resolvedphoton processes, �xing the proton k0 at 1.5 GeV, in order to study the partonbehaviour inside the photon. The result from the PYTHIA model using thedefault parameters (k0 = 0.44 GeV for both the proton and the photon) is alsooverlaid on the data to compare with PYTHIA predictions.Figure 9.16 shows the kT{sensitive distributions area normalised, for xmeas <0:9. The data are compared to four PYTHIA models calculated with varyingvalues of the intrinsic kT of the partons in the proton, �xing <kT> values inthe proton. The general agreement between the data and the various models isreasonably but does not allow a determination of <kT> for the present statistics.9.10 Study of Jet Reconstruction MethodsAs mentioned above, jets were reconstructed using energy ow objects, Zufos,which combine information from the calorimeter cells and tracks, by means ofKTCLUS [76], in the inclusive mode. As further checks, four alternative strategiesfor identifying a jet were examined.� Jet mode 1 : KTCLUS algorithm using calorimeter cells� Jet mode 2 : KTCLUS algorithm using Zufos (default)162
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Figure 9.15: Normalised distributions of kinematic quantities observed in promptphoton production at ZEUS, compared with predictions from PYTHIA6.1 calculatedwith di�ering values of the mean intrinsic transverse momentum <kT> of the partonsin the photon. The quantities plotted are calculated in the plane transverse to the beamdirection and are: (a) perpendicular momentum component of the photon relative tothe axis of the jet, (b) longitudinal momentum imbalance (photon { jet) along the axisof the jet, (c) absolute momentum component of the photon relative to that of thejet, (d) di�erence in azimuthal angle between the photon and jet directions. Statisticalerrors are shown, the systematic uncertainties may be neglected in comparison.
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Figure 9.18: Normalised distributions in (a) p?, (b) pk, (c) QT and (d) ��, of promptphoton events, accompanied by balancing jets, after background subtraction. Shown incomparison are the same quantities from di�erent methods of changing the jet search.
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Chapter 9 9.11 Comparisons with Other Experimentsintrinsic momentum, kT , of initial state partons, namely, (a) p?, (b) pk, (c) QTand (d) ��, respectively. As before, the results from modes 2,4,5 are very similar.Mode 1 gives better aligned jets, but is not used in view of the poor direct x peakand the large ET jet corrections. Mode 3 would be a viable alternative method,but possibly is sensitive to higher{order QCD e�ects which are not connectedto <kT> . Further study on each jet reconstruction mode was performed usingthe kinematic quantities of the prompt photon data with xmeas > 0:9, comparingwith predictions from PYTHIA calculated with the favoured k0 = 1.5 GeV in theproton. Again the results from all jet reconstruction modes were consistent withthe main method within statistical uncertainties.9.11 Comparisons with Other ExperimentsRecently the TeVatron experiments highlighted serious limitations of currentpQCD description of high pT prompt photon production. One o�ered expla-nation is that the partons in the proton may have a considerably higher value of<kT> due to the soft gluon radiation at lower ET region.At the CDF and D� experiments (ps = 1.8 TeV), Gaussian smearing of theintrinsic parton <kT> by 3.5 GeV can model the rise of prompt photon crosssection at low ET region. In addition, NLO with 2.5 GeV <kT> describe theCDF data very well at ps =630 GeV. Using diphoton production, CDF has alsomeasured the parton <kT> value directly; <kT> = 3.6 � 0.8 GeV at ps = 1.8TeV [101].Recently the E706 at ps = 20 � 30 GeV observed large deviations betweenNLO calculations and data, for both prompt photon and �0 inclusive cross sec-tions. Their conclusion is that a simple implementation of supplemental partonkT 1.2 GeV, in theoretical calculations is needed to provide a reasonable descrip-tion of the inclusive cross sections. WA70 (ps = 23.0 GeV) and UA6 (ps = 24.3GeV) actually measured the <kT> values, <kT> = 0.9 � 0.1 � 0.2 GeV, basedon the data for diphoton production and the values are expected to be slightlysmaller than the value required for the E706 experiment [46].These experimental measurements demonstrated that phenomenological<kT>model provides a better agreement with data than is available in the enhancedparton{shower model. In addition <kT> values seems to be increase approxi-mately logarithmically with ps.Evidence of signi�cant <kT> e�ects has long been observed in measurementsof dimuon, diphoton, and dijet pairs. A collection of measurements of the aver-age transverse momentum of the pairs, < QT >, is presented in �gure 2.7, for167
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Chapter 9 9.12 Conclusionsa wide range of centre{of{mass energies (ps). In �gure 9.19 the ZEUS result isshown in comparison with results from other experiments. For consistency, thequantity <kT> is plotted from the present ZEUS measurement and elsewherewhere appropriate; it is nevertheless still not guaranteed that all the indicatedmeasurements have been evaluated in exactly the same way. However, a risingtrend with increasing centre{of{mass energy of the reaction is evident, as dis-cussed most recently by Laenen et al. [48], and with which the present ZEUSdata are fully consistent.At p centre{of{mass energies W of 120{274 GeV, we have observed such<kT> e�ects of the parton in the proton using prompt photon photoprodution.Our best <kT> value at HERA estimated by a minimum{�2 calculation is <kT>= 1:39�0:36 +0:12�0:23 GeV. This result con�rms that the parton <kT> in the protonhave increase approximately logarithmically.9.12 ConclusionsThe kinematical properties of prompt photons accompanied by recoil jets havebeen studied in photoproduction events using the ZEUS detector at HERA. Datawere taken in an e�ective centre-of-mass p energy range of 120 < W < 274. Asmodelled within the PYTHIA Monte Carlo, the acollinearity of the photon + jetsystem was used to investigate the intrinsic <kT> of the quarks in the proton.Several distributions of the kinematic quantities for prompt photon productionat HERA show that there is signi�cant evidence for the presence of the intrinsic<kT> e�ects in such hard scattering process.Values as high as <kT> = 3.0 GeV in the proton, as suggested in an earlierhigh{energy �pp experiment, are excluded under the present experimental condi-tions, as is the present PYTHIA default value of 0.44 GeV. The ZEUS promptphoton data are consistent with <kT> values inside proton in the range 1{2 GeV.A minimum-�2 calculation was performed to evaluate the best value of <kT> us-ing the p? data and Monte Carlo histograms. A �t to the data gave a value of<kT> of 1:39�0:36 +0:12�0:23 GeV. This result is consistent with a generally observedtrend that the e�ective parton <kT> rises with the energy of the interactinghadronic system. For the parton <kT> e�ects in the photon side, however, thedata do not provide a clear measurement with present statistics.
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Chapter 10Summary
In this thesis the di�erential cross sections of inclusive isolated prompt photonproduction, e + p !  + X, at HERA has been measured for the �rst time forhard photoproduction events using the ZEUS detector. The data were taken frome+p collisions during the 1996 and 1997 HERA running period and correspondto an integrated luminosity of 38.4 pb�1.Inclusive cross sections within the kinematic range 0:2 < y < 0:9, equivalentto incident p centre{of{mass energies W of 134{285 GeV, are presented as afunction of E T for the production of isolated prompt photons in the pseudorapid-ity range �0:7 < � < 0:9, and as a function of � for photons with 5 < E T < 10GeV. The latter results are given for the full W range and three partial ranges,134 < W < 170 GeV, 170 < W < 212 GeV and 212 < W < 285 GeV.In presenting cross sections, comparisons are made with two types of the-oretical calculation, in which the pdf sets taken for both the photon and theproton can be varied. These are (1) leading{logarithm parton shower MonteCarlo (PYTHIA and HERWIG) calculations evaluated at the �nal{state hadronlevel and (2) next{to{leading order parton{level calculations of Gordon and ofKrawczyk and Zembrzuski.The theoretical models are able to describe the data well for the forward (pro-ton direction) values of photon pseudorapidity, but are low in the rear direction.None of the available variations of the model parameters was found to be capableof removing the discrepancy with the data. The disagreement is strongest withintheW interval 134{170 GeV, and not seen within the measurement acceptance forW > 212 GeV. Together with the recent dijet results at HERA [89], the promptphoton results indicated a need to review the present theoretical modelling of theparton structure of the photon in the high x regions.170



Chapter 10We also present a �rst study of the mean parton intrinsic transverse momen-tum <kT> in the proton and photon using the kinematical properties of eventswith a measured jet as well as a prompt photon, with the goal of searching the ev-idence for parton <kT> e�ects in high{ET prompt photon production at HERA.This work is motivated by the observation in a number of previous experimentsthat the production of inclusive prompt photons in hadronic reactions is unex-pectedly high in lower regions of transverse energy. A discrepancy of this kindcould arise from the intrinsic transverse momentum, <kT> , of the parton in theincoming hadron or from multiple initial{state soft gluon radiation which canenhance the e�ective <kT> value of the parton as it interacts.As modelled within the PYTHIA Monte Carlo, the acollinearity of the photon{jet system was used to investigate the intrinsic <kT> of the quarks in the protonat HERA. Several distributions for the kinematic properties of prompt photonsaccompanied by recoil jets show that there is signi�cant evidence for the pres-ence of the intrinsic <kT> e�ects in such hard scattering process. Values as highas <kT> = 3.0 GeV in the proton, as suggested in an earlier high{energy �ppexperiment, are excluded under the present experimental conditions, as is thepresent PYTHIA 6.1 default value of 0.44 GeV. It can be interpreted as evidenceof parton intrinsic transverse momentum <kT> e�ects in the proton via promptphoton photoproduction at HERA.A �t to the data gave a value of <kT> of 1:39 � 0:36 +0:12�0:23 GeV. This resultis consistent with a generally observed trend that the e�ective parton <kT>rises with the energy of the interacting hadronic system. For the parton <kT>e�ects in the photon side, however, the data do not provide a clear measurementwith present statistics. There is still a large statistical uncertainty in the presentprompt photon data at HERA. More statistics on both data and Monte Carlomodels, therefore, will allow for precision measurement of behaviour of the parton<kT> inside the proton and even the photon at HERA, and can in principleprovide experimental guidance to a better theoretical modelling of possible softgluon radiation e�ects.In conclusion, prompt photon production at HERA still has much to tell usand future work promises to reveal further important information on QCD andpartonic nature of matter.
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Appendix AContribution to the Photon'99Conference
The results presented here include measurements of inclusive prompt photonsand prompt photons accompanied by jets, although the author's input has beenmainly concerned.Paper published in the Proceedings of International Conference on the Struc-ture and Interactions of the Photon (Photon'99) held in Freiburg im Breisgau,Germany, 23-27 May 1999, ed. S. S�oldner-Rembold, March 2000. This contribu-tion has now been published in Nucl. Phys. Proc. Suppl., Vol. 82.Prompt Photon Processes in Photoproductionat HERASung Won Leeaa Dept. of Physics and Astronomy, University of Glasgow, Glasgow, U.K.We present results for the photoproduction of inclusive prompt photons andfor prompt photons accompanied by jets, measured with the ZEUS detector atHERA. Cross sections as a function of pseudorapidity and transverse energy arepresented for 5 < ET < 10 GeV, EjetT > 5 GeV in the centre of mass energyrange 120{270 GeV. Comparisons are made with predictions from leading loga-rithm parton shower Monte Carlos and next-to-leading order QCD calculationsusing currently available models of the photon structure. NLO QCD calculationsdescribe the shape and magnitude of the measurements reasonably well.172



Appendix A A.1 Introduction
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pFigure A.1: Example of (a) direct (pointlike) (b) resolved (hadronic) processes in LOhard photoproduction producing an outgoing prompt photon.A.1 IntroductionIsolated high transverse energy (\prompt") photon processes at HERA (�gure A.1)could yield information about the quark and gluon content of the photon, togetherwith the gluon structure of the proton [19]. The particular virtue of promptphoton processes is that the observed �nal state photon emerges directly from aQCD diagram without the subsequent hadronisation which complicates the studyof high ET quarks and gluons.The ZEUS collaboration has recently published the �rst observation at HERAof prompt photons at high transverse momentum in photoproduction reactions[18], based on an integrated luminosity of 6.4 pb�1. An NLO calculation byGordon [22] was found to be in agreement with the ZEUS results, and indicatesthe feasibility of distinguishing between di�erent models of the photon structure.In the present study we extend our earlier study of prompt photon productionfrom a data sample of 37 pb�1. Di�erential cross sections are given for the �nalstate containing a prompt photon, and a prompt photon accompanying jet as afunction of pseudorapidity and of transverse photon energy.Comparison is made with several LO and NLO (next to leading order) pre-dictions, with the goal of testing di�erent proposed hadronic structures of theincoming photon.A.2 Event SelectionThe data used here were obtained from e+p running in 1996{97 at HERA,with Ee = 27:5 GeV, Ep = 820 GeV. The ZEUS experiment is described else-173



Appendix A A.3 Signal/background separationwhere [104]. The major components used in the analysis are the central trackingdetector (CTD) and the uranium-scintillator calorimeter(UCAL). Prompt pho-tons are detected in the barrel section of the calorimeter (BCAL), which consistsof an electromagnetic section (BEMC) followed by two hadronic sections; theBEMC consists of pointing cells of � 20 cm length and � 5 cm width at a mini-mum radius 1.23m from the beamline. This width is not small enough to resolvethe photons from the processes �0 ! 2, � ! 2 and � ! 3�0 on an eventby event basis. It does, however, enable a partial discrimination between singlephoton signals and the decay product of neutral mesons.A standard ZEUS electron �nding algorithm was used to identify candidatephoton signals in BCAL with measured ET > 4:5 GeV. The Energy loss in deadmaterial to the measured photon energy has been corrected using MC generatedsingle photons. This correction amounted typically to 200-300 MeV. After thephoton energy correction the events were retained for �nal analysis if a photoncandidates with transverse energy ET > 5 GeV was found in the BCAL. Toidentify jets, a cone jet �nding algorithm [92] was used. Jet with EjetT > 4:5GeV and pseudorapidity �1:5 < �jet < 1:8 were accepted with a cone radius of1 radian, where pseudorapidity is de�ned as � = � ln (tan �=2). Events with anidenti�ed DIS positron were removed, restricting the acceptance of the presentanalysis to incoming photons of virtuality Q2 � 1 GeV2. The quantity yJB,de�ned as the sum of (E � pZ) over all the UCAL cells divided by twice thepositron beam energy Ee, provides a measure of the fractional energy E0=Eeof the interacting quasi-real photon. A requirement of 0:15 < yJB < 0:7 wasimposed, the lower cut removing some residual proton-gas backgrounds and theupper cut removing remaining DIS events. Wide{angle Compton scatters werealso excluded by this cut.A photon candidate was rejected if a CTD track pointed within 0.3 rad of it.An isolation cone was also imposed around photon candidates: within a cone ofunit radius in (�; �), the total ET from other particles was required not to exceed0:1ET (). This greatly reduces backgrounds from dijet events with part of onejet misidenti�ed as a single photon (�0; �, etc). In addition, as discussed in [19],it removes most dijet events in which a high ET photon radiating from a �nalstate quark. A remainder of such events is included as part of the signal in thedata and the theoretical calculations.A.3 Signal/background separationA typical high-ET photon candidate in the BEMC consists of a cluster of 4-5 cells selected by the electron �nder. Two shape-dependent quantities were174



Appendix A A.4 Results
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Figure A.2: Distribution of fmax for prompt photon candidates in selected events,after cutting on <�Z>. Also plotted are �tted Monte Carlo curves for photons, �0 and� mesons with similar selection cuts as for the observed photon candidates.studied in order to distinguish photon, �0 and � signals. These were (i) themean width <�Z> of the BEMC cluster in Z and (ii) the fraction fmax of thecluster energy found in the most energetic cell in the cluster. <�Z> is de�nedas the mean absolute deviation in Z of the cells in the cluster, energy weighted,measured from the energy weighted mean Z value of the cells in the cluster. Itsdistribution shows two peaks at low <�Z> which are identi�ed with photons and�0 mesons, and a tail at higher values. This tail quanti�ed the � background;photon candidates in this region were removed.The remaining candidates consisted of genuine high ET photons and �0 andremaining � mesons. The numbers of candidates with fmax � 0:75 and fmax <0:75 were calculated for the sample of events occurring in each bin of any measuredquantity. From these numbers, and the ratios of the corresponding numbers forthe fmax distributions of the single particle samples, the number of photon eventsin the given bin was evaluated. Further details of the background subtractionmethod are given in [18]. The distribution of fmax for prompt photon candidatesin selected events is shown in �gure A.2, well �tted to a sum of photon andbackground distributions.
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Appendix A A.4 Results

Figure A.3: Di�erential cross sections d�=d� for prompt photons integrated over5 < ET < 10 GeV, d�=dET for prompt photons integrated over �0:7 < � < 0:9. Inner(thick) error bars are statistical, outer include systematic added in quadrature. Alsoplotted are PYTHIA, HERWIG and NLO calculations of LG and KZ with two di�erentphoton structures.A.4 ResultsWe evaluate cross sections for prompt photon production corrected by means ofPYTHIA using GRV photon structures [16]. A bin-by-bin factor is applied tothe detector-level measurements so as to correct to cross sections in the speci�edkinematic intervals calculated in terms of the �nal state hadron system photopro-duced in the range 0:16 < ytrue < 0:8, i.e. p centre of mass energies in the range120 { 270 GeV. The virtuality of the incoming photon is restricted to the rangeQ2 < 1 GeV2. When a jet was demanded, the hadron-level selections EjetT > 5GeV, �1:5 < �jet < 1:8 were imposed. The systematic error of 15% were takeninto account and were �nally combined in quadrature. The main contributionsare from the energy scale on the calorimeter and the background subtraction.Figure A.3 (left) shows an inclusive cross section d�=d� for prompt photonsin the range 5 < ET < 10 GeV. Reasonable agreement between data and MCis seen at forward values of rapidity, but the data tend to lie above the MC atnegative rapidity. The data are also compared with NLO calculations of Gor-don(LG), Krawczyk and Zembrzuski(KZ) [22, 84] using the GS and GRV photonstructures [16]. The curves are subject to a calculational uncertainty of 5%, and176



Appendix A A.4 Results

Figure A.4: Di�erential cross sections d�=d� , d�=dET for prompt photons with a jetrequirement. Also plotted are PYTHIA, HERWIG and NLO calculations of LG andKZ with two di�erent photon structures.uncertainties in the QCD scale could raise the numbers by up to � 8%. Awayfrom the most forward directions, the LG calculation using GS tend to lie low,while the LG implementation of the GRV photon structure give a reasonable de-scription of the data. KZ calculation has detailed di�erences from LG includinga box diagram contribution for the process g ! g [86].In �gure A.3 (right) inclusive cross sections d�=dET for prompt photons in therange �0:9 < � < 0:7 are compared to the theoretical models. All six theoreticalmodels describe the shape of the data well. However the HERWIG predictions issystematically low. The two NLO calculations are in better agreement with thedata, and cannot be experimentally distinguished. Similar features can be seenin �gure A.4 (right) which shows cross sections for the production of a photonaccompanied by a jet in the kinematic range speci�ed above. The KZ calculationis too high at low ET , attributable to the lack of a true jet algorithm in thisapproach [84].Figure A.4 (left) shows corresponding cross sections for the photon accompa-nied by at least one jet. The results were corrected to hadron-level jets in thekinematic range EjetT > 5GeV, �1:5 < �jet < 1:8. In a comparison with NLOcalculations from [22, 84] the GS photon structure again provides a less gooddescription of the data overall than that of GRV.As with the photoproduction of a dijet �nal state [92], the information fromthe prompt photon and the measured jet can be used to measure a value of177



Appendix A A.5 ConclusionsZEUS 1996/97 PRELIMINARY
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Appendix A A.5 Conclusionsphoton processes and with NLO QCD calculations incorporating the currentlyavailable parameterisations of the photon structure. NLO QCD calculations de-scribe the shape and magnitude of the measurements reasonably well.AcknowledgmentsWe are grateful to L. E. Gordon, Maria Krawczyk and Andrzej Zembrzuski forhelpful conversations, and for providing theoretical calculations.
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Appendix BContribution to the DIS'2000Conference
The results presented here include the �rst measurements of inclusive promptphoton cross sections in photoproduction at HERA. The author's input has beenmainly concerned. This contribution will be published in the Proceedings ofDIS'2000 held in Liverppol, UK, 25-30 April 2000, eds J. Gracey and T. Green-shaw.Prompt Photon Processes in Photoproductionat HERASung Won Leeaa Dept. of Physics and Astronomy, University of Glasgow, Glasgow, U.K.First inclusive measurements of isolated prompt photons in photoproduction atHERA have been made with the ZEUS detector. Cross sections are given as afunction of the pseudorapidity and the transverse energy of the photon, for E T >5 GeV in the p centre-of-mass energy range 134{285 GeV. Comparisons are madewith predictions from LO Monte Carlo models and NLO QCD calculations. Forforward � (proton direction) good agreement is found, but in the rear directionall predictions fall below the data.B.1 IntroductionIsolated high transverse energy (\prompt") photon processes at HERA could yieldinformation about the quark and gluon content of the photon, together with the180



Appendix B B.2 Evaluation of the photon signal
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Figure B.1: Distribution of (a) <�Z> and (b) fmax for prompt photon candidates inselected events. Also given in both cases are �tted MC distributions for , �0 and �mesons.gluon structure of the proton. The particular virtue of prompt photon processesis that the observed �nal state photon emerges directly from a QCD diagramwithout the subsequent hadronisation which complicates the study of high ETquarks and gluons.In a ZEUS paper [18] the observation of prompt photons was �rst con�rmed atHERA. More recently [105], ZEUS collaboration has measured the cross sectionsof inclusive prompt photons in photoproduction reactions, using an integratedluminosity of 38.4 pb�1. Comparisons are made with predictions from MonteCarlo models containing leading-logarithm parton showers, and with next-to-leading-order QCD calculations, using currently available parameterisations ofthe photon structure.B.2 Evaluation of the photon signalThe data used here were obtained from e+p running in 1996{97 at HERA, withEe = 27:5 GeV, Ep = 820 GeV.The major components in the analysis are the central tracking detector(CTD)and the uranium calorimeter(UCAL). Prompt photons are detected in the barrelsection of the calorimeter, which consists of an electromagnetic section (BEMC)followed by two hadronic sections. It enable a partial discrimination between181



Appendix B B.3 Resultssingle  signals and the decay product of neutral mesons. A typical high-ETphoton signal is observed in a small cluster of BEMC cells, with no associatedCTD track. An isolation cone was also imposed around photon candidates withina cone of unit radius in (�; �), to reduce backgrounds from dijet events with partof one jet misidenti�ed as a single photon.Two shape-dependent quantities were studied in order to further distinguish, �0 and � signals. These were (1) the mean width <�Z> of the BEMC clusterin Z and (2) the fraction fmax of the cluster energy found in the most energeticcell in the cluster. The <�Z> distribution is shown in �gure B.1 (a), in whichpeaks due to the  and �0 contributions are clearly visible. The tail quanti�edthe � background; photon candidates in this region were removed.The extraction of the photon signal from the mixture of photons and a neutralmeson background was done by means of the fmax distribution. Figure B.1 (b)shows the shape of the fmax distribution for the �nal event sample, after the<�Z> cut, �tted to the � component determined from the <�Z> distributionand freely-varying  and �0 contributions. Above an fmax value of 0.75, thedistribution is dominated by the photons; below this value it consists mainly ofmeson background. The numbers of candidates with fmax � 0:75 and fmax < 0:75were calculated for the sample of events occurring in each bin of any measuredquantity. From these numbers, and the ratios of the corresponding numbers forthe fmax distributions of the single particle samples, the number of photon eventsin the given bin was evaluated. Further details of the background subtractionmethod are given in reference. [18, 105]B.3 ResultsWe evaluate cross sections for prompt photon production corrected by means ofPYTHIA using GRV photon structure functions [16]. A bin-by-bin correctionfactors were applied to the detector{level measurements so as to correct to crosssections in the p centre{of{mass energy 134 { 285 GeV. The systematic error of15% were taken into account and were �nally combined in quadrature. The maincontributions are from the energy scale of the calorimeter and the backgroundsubtraction. In presenting cross sections, comparison is made with two types oftheoretical calculation, in which the pdf sets taken for both the photon and protoncan be varied. These are (1) PYTHIA and HERWIG calculations evaluated at the�nal-state hadron level and (2) NLO parton{level calculations of Gordon [22](LG)and of Krawczyk and Zembrzuski [84](K&Z).182
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Appendix B B.4 Conclusionsmeasurements at increasing y correspond on average to decreasing values of pseu-dorapidity. By varying the theoretical parameters, the discrepancy was found tocorrespond in the K&Z calculation to insu�cient high x partons in the resolvedphoton.B.4 ConclusionsThe photoproduction of isolated prompt photons within the p centre-of-massenergy range 134{285 GeV has been measured in the ZEUS detector at HERA.Inclusive cross sections have been presented as a function of E T for photons in�0:7 < � < 0:9, and as a function of � for photons with 5 < E T < 10 GeV.Comparisons have been made with predictions from LO Monte Carlos, andfrom NLO calculations. The models are able to describe the data well for forward� , but are low in the rear direction. None of the available variations of the modelparameters was found to be capable of removing the discrepancy with the data.This result would appear to indicate a need to review the present theoreticalmodelling of the parton structure of the photon.AcknowledgmentsWe are grateful to L. E. Gordon, Maria Krawczyk and Andrzej Zembrzuski forhelpful conversations, and for providing theoretical calculations.
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Appendix CContribution to the ZEUSPublication
This contribution has been published in Phys. Lett. B 472, 175 (2000)Measurement of inclusive prompt photonphotoproduction at HERAZEUS CollaborationAbstractFirst inclusive measurements of isolated prompt photons in photoproduction atthe HERA ep collider have been made with the ZEUS detector, using an in-tegrated luminosity of 38.4 pb�1. Cross sections are given as a function of thepseudorapidity and the transverse energy (�, E T ) of the photon, for E T > 5 GeVin the p centre-of-mass energy range 134{285 GeV. Comparisons are made withpredictions from Monte Carlo models having leading-logarithm parton showers,and with next-to-leading-order QCD calculations, using currently available pa-rameterisations of the photon structure. For forward � (proton direction) goodagreement is found, but in the rear direction all predictions fall below the data.
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